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PREFACE 



Complex and unexplained phenomena tend to foster unorthodox 
perspectives. This publication is an example, as is a prior publication that 
emphasized the concept that intermediary metabolism might play a 
significant and determining role in hepatocyte proliferation and 
tumorigenesis 1 . Formulation of this hypothesis was based on an attempt to 
clarify several poorly understood phenomena; including the observations: 1) 
that xenobiotic peroxisome proliferators such as the fibrate hypolipidemic 
agents induce hepatocyte proliferation and carcinogenesis in rodents; 2) that 
benign and malignant liver tumors complicate the human syndrome of 
glycogen storage disease type I (glucose-6-phosphatase deficiency); and 3) 
that in this same syndrome, administration of glucose exerts an anti-tumor 
effect. Fatty acid and glucose metabolism are tightly linked in a well- 
established and profoundly inportant interplay. This connection, together 
with the fact that peroxisome proliferator-induced hepatocyte proliferation 
and carcinogenesis reflects inhibition of mitochondrial carnitine 
palmitoyltransferase-I and fatty acid oxidation, suggested the possibility that 
regulation of fatty acid metabolism could prove to be a pivotal determinant 
in the control of cell growth. 

In 1993, the year in which the paper cited above was published, insight 
into the importance of growth factors and signal transduction pathways in 
cell cycle regulation was increasing rapidly, but metabolic and energetic 
aspects of cell proliferation had attracted relatively little attention. Despite 
this, the concept seemed inescapable that the two seemingly distinct and 
unrelated determinants — signal transduction and metabolism — were 
integrally linked. Moreover, it is known that growth regulation in the 
earliest eukaryotes was governed largely or exclusively by nutritional, 
metabolic, and energetic factors hundreds of millions of years before the 
appearance of intercellular signaling in higher organisms. It seemed 
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plausible, therefore, that these factors had retained a dominant regulatory 
role, at least under certain conditions, throughout the evolution of today’s 
more advanced and complex species. What has emerged through the 
development of this treatise is evidence strongly suggesting that metabolism 
and energetics, while at times referred to as “housekeeping” functions, are 
intimately and directly linked to those signal transduction pathways that are 
essential to survival of the cell, the organism, and the species. 

Initial work on the project (later to become Part II of the present volume) 
involved review of published contributions of many insightful and 
productive scientists. These addressed a broad range of relevant issues, 
including intermediary metabolism, signal transduction, and cell cycle 
regulation, and the effects of alternative substrates on mitochondrial 
energetics. Our preliminary 2 and unpublished experiments addressed the 
effects of endogenous and xenobiotic growth modulators on fatty acid 
metabolism and mitochondrial function, and provided critically important 
early insight and stimulus. 

Unexpectedly, it also became appreciated during this time that, despite 
suppression of glucose utilization in brain regions affected by Alzheimer 
disease, neurons in those regions remained viable. Viewed in the context of 
the current project, this otherwise seemingly unrelated observation suggested 
the possibility that utilization of alternative substrates might also prove to be 
a critical determinant in the energetics, function, and injury of the neuron. 
Pursuit of published research related to this hypothesis led to the recognition 
of what appeared to be important parallels in intermediary metabolism and 
signal transduction between neuronal activation (Part III of this volume) and 
cell proliferation (Part II). Initially, Parts II and III were developed as 
separate analytical reviews. With the passage of time, however, their 
sustained growth in size, scope, and relatedness made separate publication 
less feasible and less desireable. As a result, they are included in the present 
combined format, along with short introductory and concluding sections 
(Parts I and IV, respectively) that provide overall perspective. 

As work on the project progressed, it required ongoing review of 
increasing numbers of new publications in diverse fields; those findings 
most relevant to the integrated approach were selected for incorporation. 
Encouragingly, few published reports offered serious challenge to the 
present interpretations and hypotheses; of those, the more important are cited 
and discussed. Moreover, with continuing development of the project, its 
fundamental concepts became applicable to a growing number of 
surprisingly diverse additional areas, ranging from an early focus on liver 
regeneration to include programmed cell death 3 , cancer cachexia, 
atherosclerosis, ischemia-reperfusion injury, regulation of feeding behavior, 
aspects of synaptic function, and the pathogenesis of Alzheimer disease. 
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IX 



While their broad relevance has provided additional support to many of the 
concepts, it has also required considerable stringency in the selection of 
publications for citation. As the regrettable but inevitable result, it was not 
possible to include reference to numerous other excellent publications that 
seemed less related to the present focus or less essential to its development. 
In any case, the project’s very nature dictates that it will remain a work in 
progress. 
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PART I: 



PROLOGUE 




Chapter 1 

Disparate Themes: Origins and Integration 



Consider life as it may have existed a billion or so years ago. Our 
unicellular eukaryotic forebears drifted in a primordial “sea”. Life was 
precarious, and survival was dictated to a large extent by chance events. 
Prominent among these was dependence on an unpredictable ebb and flow 
that might bring the cell into the vicinity of nutrient that was appropriate and 
sufficient not merely to sustain life but — equally important — enable the 
cell to divide and give rise to an expanding progeny. It is reasonable to 
assume that under such favorable circumstances some organisms would have 
activated a proliferative response more rapidly and efficiently than others, 
and that they would prove to be the more successful in terms of survival and 
growth in numbers. Similarly, when the environment became depleted of 
nutrient, unable to sustain growth, or otherwise unfavorable, the successful 
organisms would have been those that rapidly arrested growth, surviving in 
an energy conservation mode while awaiting better times. In short, the 
successful organisms — i.e. , those genetically programmed to respond 
rapidly and appropriately to sudden and unpredictable environmental 
changes — would write the history of the period. In contrast, untold 
numbers of organisms would fail to execute the dramatic changes in 
metabolism, energetics, and growth necessary to “navigate” that perilous and 
unpredictable sea. These unsuccessful genetic “experiments” would vanish 
without a trace, at the hands of natural selection. 

What was the distinguishing characteristic that conferred such 
indispensable versatility and timeliness upon the survivors? To a large 
extent, speculation about this distant scene would be impossible without a 
profoundly important and informative contemporary window through which 
we are able to view it. That window is provided by direct descendants of 
those early eukaryotes, exemplified by fungi such as the yeast 
Saccharomyces cerevisiae (S. cerevisiae). S. cerevisiae is genetically 



3 




4 



Chapter 1 



programmed to proliferate rapidly if its environment is suitable, i.e., if it 
contains glucose or an acceptable alternative. Conversely, when glucose is 
no longer available S. cerevisiae activates a program encoded by the SNF1 
gene that immediately arrests growth. Significantly, this growth arrest is 
linked directly to the inactivation of two major glucose-dependent energy- 
consuming pathways that are needed to support cell proliferation, i.e., those 
that effect biosynthesis of the fatty acids and cholesterol that are required for 
assembly of daughter cell membranes. The signals that activate this growth- 
arresting survival-promoting response reflect the direct and unavoidable 
consequences of nutrient depletion: a drop in cellular [ATP] and the tightly 
coupled reciprocal rise in [AMP]. As a further consequence of this 
programmed cessation of growth and of fatty acid biosynthesis, fatty acid 
oxidation becomes the cell’s dominant source of energy. The effectiveness 
of this mechanism, and its importance to survival over more than one billion 
years since the dawn of eukaryotic life, is dramatically demonstrated by its 
persistence to the present, not merely in S. cerevisiae, but as expressed 
through homologous genes and regulatory programs in most higher plants 
and animals as well. Thus, in the cells of human beings and other mammals, 
a nutrient depletion-induced rise in cellular [AMP] activates a kinase 
cascade that is mediated by the SNF1 homologue AMP-activated protein 
kinase (AMPK). AMPK arrests growth, inactivates fatty acid and 
cholesterol biosynthesis, and augments mitochondrial fatty acid oxidation. 

Accordingly, SNF1/AMPK provides a mechanism for mediating the 
selection between alternative fuels, i.e., between glucose or its equivalent 
and fatty acids, as circumstances may dictate. When this ancient regulatory 
system first appeared, however, the choices confronting the primitive 
unicellular organism were simple in the extreme: consume glucose and 
proliferate; or, failing to find glucose, stop proliferating and consume stored 
fatty acids. Life is more complex now. But as we will see in the following 
paragraphs and pages, this once primitive selection between alternative fuels 
has acquired in mammals a vastly increased and more versatile repertoire — 
the reward for its successful evolutionary adaptation to numerous regulatory 
processes, many of which are only faintly suggestive of its remote, and 
exclusively growth-related, origins. 

How is this single example of gene conservation — one that provides 
survival advantage by rapidly arresting growth in response to an unfavorable 
and unpredictable change of circumstances — related to the present treatise 
and to the issues concerning both basic science and human disease that it 
examines? Briefly answered, it provides direct (and to say the least time- 
tested!) evidence supporting several key concepts upon which the treatise is 
based. These concepts serve to integrate a number of cellular processes 
which, perhaps understandably, have generally been regarded as being 
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related only distantly or not at all. Summarized in the following paragraphs, 
these concepts will be developed in greater detail in subsequent chapters: 

First, cellular nutrient metabolism and energetics are linked directly and 
intimately to the regulation of cell proliferation. In general, cell proliferation 
depends upon aerobic or anaerobic glycolysis to generate the enormous and 
rapid increases in ATP that are required for completion of the cell (mitotic) 
cycle and its obligatory accompaniments. The latter include not only 
biosynthesis of lipids, proteins, and nucleic acids, but also numerous 
translocational, regulatory, and signaling processes. Although mitochondrial 
oxidation of fatty acids also generates ATP, this process has certain 
disadvantages: 1) it may suppress glucose utilization; 2) it may compromise 
efficiency of mitochondrial energetics and foster cell injury by promoting 
generation of reactive oxygen species (ROS); and 3) it consumes what 
otherwise would become the lipid constituents of daughter cell membranes. 
Therefore, it is hypothesized that in proliferating cells, fatty acid oxidation is 
counterproductive and of necessity suppressed. This inverse relationship 
between cell proliferation and mitochondrial fatty acid oxidation is of 
paramount importance, as are its metabolic and energetic ramifications. 
More broadly, it is consistent with, and linked to, the effects of signaling 
cascades and other diverse regulators of cell function. In particular, the 
time- and energy-critical process of cell proliferation utilizes components of 
a signal transduction cascade, i.e., wingless/Wnt (wg/Wnt), that first 
appeared in multicellular organisms several hundred million years after the 
dawn of SNF1 -expressing eukaryotes. In supporting the complex process of 
growth regulation, wg/Wnt-like signaling integrates control of cell substrate 
utilization and energetics, biosynthetic and regulatory processes, cell-cell 
attachment, and gene expression. 

Second, arrest of cell proliferation, which may be essential if the cell is 
to survive a period of limited nutrient supply, is also closely coupled to 
metabolic and energetic factors. Thus, if cell energetics are impaired, e.g., 
by nutrient deprivation, reciprocal changes in [ATP] and [AMP] will 
activate AMPK and lead to growth arrest. If the cell cycle were to progress 
despite so inadequate a metabolic foundation, the energetic deficiencies 
would be compounded through further depletion of the ATP that is already 
limited in supply. AMPK activation-induced mitochondrial fatty acid 
oxidation may foster additional adverse consequences, as noted. This 
sequence of events illustrates the point that arrest of the cell cycle under 
energetically adverse conditions would actually favor survival by limiting 
further depletion of ATP, mimimizing ROS generation, and promoting 
restoration of energy balance. Incompatibility of cell cycle progression with 
cell energetic insufficiency may represent the key to an hypothesized novel 
approach to cancer treatment, to be discussed. 
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Third, while speed and timing in cellular energetics and signaling are of 
overriding importance in growth initiation and growth arrest, they are also 
critical in other seemingly unrelated processes, the energetics of which 
appear to have been conserved in their evolution from that more primitive 
requisite of survival. For example, neuronal activation in brain also depends 
almost entirely upon aerobic glycolysis, and thus requires suppression of 
fatty acid oxidation. Moreover, this process, which like mitosis is time- and 
energy-critical, also utilizes components of the wg/Wnt signaling cascade. 
Thus wg/Wnt-like signaling appears to be particularly important in those 
mechanisms, exemplified by cell cycle progression and neuronal activation, 
that link nutrient and energetics to processes in which speed and efficiency 
of response may be critical determinants of cell/organism survival. 
Activation of wg/Wnt-like signaling by lithium accounts for this small 
univalent cation’s remarkably diverse effects, e.g., on neuronal function, 
insulin signaling, and cell proliferation. 

Energetics, metabolism, and function of the neuron are also profoundly 
influenced through interaction with its neighbor, the astrocyte. In what may 
be a particularly important aspect of this interaction, fatty acid oxidation in 
astrocyte mitochondria drives production of ketone bodies (acetoacetate and 
(3-hydroxybutyrate), which are exported and thus available for utilization by 
neurons. Despite the fact that ketone bodies are a less efficient fuel than 
glucose, and may compromise mitochondrial energetics, they are actually 
utilized by neurons in preference to glucose. Accordingly, it is hypothesized 
that excessive rates of astrocyte ketogenesis, driven by the elevated plasma 
concentrations of free (unesterified) fatty acids (FFA) that may occur — e.g., 
in obesity, insulin resistance, type II diabetes mellitus, or human 
immunodeficiency virus (HIV) infection — may suppress neuronal 
glycolysis, impairing energetic efficiency and promoting oxidative stress. 
Such conditions would predispose to synaptic dysfunction, and eventually to 
neuronal injury and neurodegenerative disorders such as Alzheimer disease 
and HIV dementia. Conversely, omega-3 (m-3) fatty acids, although readily 
oxidized, increase inner mitochondrial membrane permeability to protons; 
this “uncoupling” of oxidative phosphorylation would contribute to cn-3 fatty 
acid-induced suppression of both oxidative stress and cell proliferation. 

Notwithstanding these principles of neuronal substrate utilization, one 
region of the mammalian brain exhibits what appears to represent a 
recapitulation of the interaction between metabolism and feeding behavior 
that held sway in the primordial “sea”. Thus, as discussed below (Chapter 
12.4.3.: Fatty Acid Oxidation and Regulation of Feeding Behavior), those 
hypothalamic neurons that are specialized for neuroendocrine and metabolic 
regulation differ from their synaptic and cognitive counterparts in that they 
apparently oxidize fatty acids. Available evidence suggests the possibility 
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that feeding behavior, i.e., appetite, is stimulated by oxidation of glucose in 
these cells, whereas their oxidation of fatty acids, possibly leptin-driven, 
may suppress appetite. Thus, determinants of the interaction between 
organism and environmental nutrient, although distanced from their 
primitive origins by more than a billion years and by the metabolic 
complexity inherent in a multicellular organism, appeal - to have survived in a 
specialized population of brain neurons, and in an unexpected and more 
sophisticated form: oxidize glucose and activate the drive to eat; oxidize 
fatty acids and suppress that drive. 

Finally, and despite its potentially adverse effects, it is clear that fatty 
acid oxidation is not only utilized widely to energize cell processes, but in 
fact is mandatory in certain situations. Unlike the dramatic and 
unpredictable events linked to wgAVnt-like signaling, the processes fueled 
by fatty acids generally are characterized by sustained and relatively 
predictable energy demands. They include maintenance of posture or 
cardiac contraction (red muscle fibers), ketogenesis (hepatocyte, astrocyte), 
or gluconeogenesis (hepatocyte, renal tubular epithelial cell). Unlike 
glycolysis, there exists no anaerobic “option” to fatty acid oxidation; 
accordingly, it requires not only molecular oxygen but also — except for 
generally minor contributions of peroxisomes and the endoplasmic reticulum 
— mitochondria. As a corollary, cells in which such sustained and 
predictable energy requirements are met primarily by fatty acid oxidation 
(e.g., red muscle, liver, and kidney) are abundantly endowed with 
mitochondria — i.e., they are red. For each cell, this greater endowment of 
mitochondria would serve to distribute the oxidative burden of a given fatty 
acid load among a larger number of individual mitochondria, thereby 
minimizing overload of their respective electron transport chains and thus 
generation of the ROS that are the recognized byproducts of excessive fatty 
acid oxidation. 

In contrast, in those cells in which energy demands are sudden, intense, 
and unpredictable, energy generation is fueled principally by glycolysis 
(e.g., white muscle, brain neurons), while fatty acid oxidation is limited. 
Despite the fact that most brain neurons have fewer mitochondria (and lack 
their color), neuronal energetic efficiency normally is maximized by 
complete mitochondrial oxidation of the products of glycolysis. In tissues 
other than brain, including red muscle, sudden demands for large amounts of 
energy may be met by the less efficient anaerobic glycolysis. In this 
pathway, glucose is catabolized only as far as pyruvate, which substitutes for 
oxygen as electron acceptor and is thereby reduced to lactate; it is 
exemplified by the oxygen debt and lactic acidemia incurred by human 
sprinters. A homely but useful illustration of these differences is provided 
by the contrasts in appearance and usage between the pectoral (“breast”) 
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muscles of domesticated chickens and turkeys (few mitochondria, white: 
glycolytic; usually subserving a sporadic and unpredictable predator escape 
or defensive function) as compared with those of migratory ducks (many 
mitochondria, red: fatty acid oxidation; usually subserving a predictable and 
sustained long distance flight), and their similar postural (leg, thigh) muscles 
(red in all three birds). 

Unfortunately, and despite these distinctions, it is possible in most cells 
for mitochondrial fatty acid oxidation to be driven at excessive rates by 
sustained increases in plasma [FFA] and lipoprotein levels, as often 
characterize obesity, insulin resistance, diabetes mellitus, or HIV infection. 
Moreover, “trans” fatty acids, being less readily oxidized in mitochondria, 
are more likely to undergo H 2 0 2 -generating peroxisomal ^-oxidation. The 
increases in ROS generation and oxidative stress that result in either case 
may contribute importantly to the pathophysiology of diverse disorders, 
among them atherosclerosis, myocardial failure, reperfusion injury, aging, 
carcinogenesis, and Alzheimer disease. In view of these potentially 
damaging effects of ROS, it may seem surprising that ROS in low 
concentrations may also activate survival and proliferative responses. The 
significance of this apparent paradox will be addressed. 

A major objective of this volume is to critically examine those areas that 
are important in normal function and disease, and in which metabolic and 
energetic processes are integrated with signal transduction pathways. It is 
proposed that an understanding of such integrated systems, “hard wired” 
over millennia into mammalian physiology and cell biology, may provide 
novel perspective on many complex scientific and clinical phenomena that 
await elucidation and remain subjects of intensive investigation. It is further 
suggested that such integration brings to light unexpected parallels among a 
diversity of cells and cellular processes that seem to bear little resemblance 
to cell proliferation. For example, the linkage of glycolysis to unpredictable, 
sudden, and intense ATP demands of cell cycle progression and mitosis 
appears to have been adapted (with parallels in signal transduction as well) 
in support of other evolutionarily more recent processes — e.g., neuronal 
activation and synaptic plasticity — in which the speed of initiation, rate, 
and intensity of the energetic (and thus synaptic) response are also critical to 
survival. 

The text consists of two major sections (Parts II and III), preceded and 
followed by relatively brief introductory and concluding summations, i.e., 
Parts I (this) and IV. In Part II, the nature of the linkage of cell metabolism 
and energetics to cell signaling and proliferation is explored in detail, as is 
their connection with programmed cell death, and with oxidative stress as an 
agent of cell injury and genomic instability in various settings ranging from 
atherosclerosis to carcinogenesis. Part III addresses brain neuronal function. 
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substrate utilization, and the neuron-astrocyte interaction, along with their 
relationship to selected aspects of neurophysiology, regulation of feeding 
behavior, and the pathogenesis of HIV dementia and Alzheimer disease. 

Certain elements of the treatise are necessarily hypothetical. It is hoped 
that those concepts that may eventually be validated will provide an 
improved understanding of human biology and a basis for novel and 
productive approaches to the prevention and treatment of human disease. 




PART II: 



FATTY ACIDS, MITOCHONDRIA, AND 
SIGNAL TRANSDUCTION: INTEGRATED 
CONTROL OF CELL PROLIFERATION, 
INJURY, AND DEATH 




Chapter 2 

Introduction to Part II 



Selective regulation of the growth of specific cell populations is required 
for normal development and function in multicellular organisms. 
Dysregulation of such cell proliferation (“growth” and “proliferation” are 
used interchangeably) is fundamental to the pathogenesis of neoplastic and 
many non-neoplastic diseases. Despite recent advances, important gaps 
remain in the understanding of the mechanisms involved. In this context, it 
is particularly significant that growth signal transduction cascades and 
intermediary metabolism are intersecting, and that in certain settings control 
of cell growth appears to be predominantly nutritional or metabolic. Thus: 
1) dietary glucose prevents, arrests, or reverses hepatic tumorigenesis in 
patients with glycogen storage disease type I (glucose-6-phosphatase 
deficiency) 1 ' 2 ; 2) xenobiotic peroxisome proliferators, e.g., fibrate 
hypolipidemic agents, inhibit mitochondrial fatty acid oxidation and in 
rodents initiate hepatocyte mitosis within 24 hours, leading to the 
development of liver cancer 3 " 5 ; and 3) several inhibitors of cell growth 
increase mitochondrial fatty acid oxidation, absolutely and/or relative to 
mitochondrial ATP biosynthesis 6 (also, R. Ockner, unpublished 
observations). 

In the present treatise a model of cell growth regulation is developed that 
emphasizes the central importance of two requirements for initiation and 
successful completion of the cell cycle: 1) sufficiency of those substrates 
specifically required for mitosis-associated increases in biosynthetic, 
translocational, signaling, and regulatory processes; and 2) maximally 
efficient conversion of metabolic fuel into the increased quantities of 
chemical energy (largely ATP) upon which these processes depend. 
Pressures for survival imposed by these requirements fostered genetically 
programmed responses in primitive eukaryotic unicellular organisms more 
than a billion years ago — responses that are conserved to the present in 
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higher plants and animals 7 " 9 . While it has been tacitly assumed that 
adequacy of such metabolic determinants is non-limiting in mammalian cell 
growth regulation, available evidence indicates that through their interaction 
with other factors they may in fact dominate control of growth, growth 
arrest, and apoptosis. 

The requirements of a valid general model of eukaryotic cell growth 
regulation are formidable. It must be applicable to organisms that span the 
phylogenetic tree from yeast to mammals, and include neoplastic disease. It 
must reconcile the dominant role of glucose as an inducer of growth in 
yeast 7 , with its seemingly paradoxical inhibition of growth early in 
mammalian liver regeneration 10 ' 11 and in hepatic tumorigenesis associated 
with glycogen storage disease type I 1 ' 2 . It must contribute to an 
understanding of events in early embryogenesis 12 and placental 
vascularization 13 , the pro-apoptotic anti-tumorigenic effects of dietary 
caloric restriction 14 " 17 , the dramatic proliferative and secretory 
responsiveness of the pancreatic islet beta cell to glucose and fatty acids 18 " 23 , 
and an unexpected parallelism between apoptosis and cell cycle 
progression 24 " 32 . Finally, it must functionally link growth-related factors that 
appear overtly “nutritional” (e.g., glucose and fatty acids) with those that do 
not (e.g., humoral and paracrine mediators, signal transduction cascades, and 
the nonsteroidal antiinflammatory drugs — NSAIDs). 

Energization of cell cycle progression requires substantial increases in 
ATP biosynthesis and utilization. With certain exceptions as noted, 
evidence discussed in the following pages supports the concept that this 
energization depends primarily upon glycolytic fueling of the citric acid 
cycle and aerobic metabolism in order to maximize mitochondrial inner 
membrane potential (AT^). A l F m in turn drives the accelerated oxidative 
phosphorylation (ATP generation) that is needed for cell cycle progression 
and for support of the associated biosynthetic, translocational, signaling, and 
regulatory processes upon which it depends. Mitochondrial oxidation of 
fatty acids, conversely, inhibits glycolysis; it also may generate reactive 
oxygen species (ROS) and oxidative stress, thereby compromising 
mitochondrial energetics. Moreover, fatty acids may uncouple oxidative 
phosphorylation and are required for daughter cell membrane and eicosanoid 
biogenesis. As a corollary, it is a central element of the proposed model that 
suppression of mitochondrial fatty acid oxidation is obligatory in aerobic cell 
proliferation, and is implicit in anaerobic and hypoxic proliferation. 
Consistent with this concept, mitochondrial oxidation of fatty acids is 
inhibited by diverse mitogenic stimuli, and is relatively or absolutely 
increased by various agents of growth arrest and/or apoptosis. 

The proposed model of growth regulation is based on the concept that 
initiation and completion of the cell cycle require an appropriate metabolic 
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milieu, absence of which is sufficient to arrest growth and/or precipitate 
apoptosis. In cell proliferation, requisite integration of intermediary 
metabolism, mitochondrial energetics, transcriptional regulation, and cell 
cycle progression is provided in significant measure by wingless/Wnt-like 
signaling, and its interactions with diverse determinants of survival and 
growth. In growth arrest and apoptosis, conversely, the AMP-activated 
protein kinase may play a key regulatory role. Heterogeneity among cells 
with respect to gene expression, energy generating capacity, and adaptation 
to microenvironment favors cell cycle completion and lineage survival for 
more “competent” genotypes and gene expression patterns; thus, Darwinian 
natural selection in microcosm. 

Incorporating these principles, the proposed model of growth regulation: 
1) integrates effects of structurally diverse mitogens and antiproliferative 
agents on intermediary metabolism and signal transduction cascades; 2) 
rationalizes pro-survival and adverse effects of reactive oxygen species, 
contrasting utilization of nutrients by host and malignant tumor in cancer 
cachexia, and evolving changes in metabolism and gene expression during 
liver regeneration; 3) reconciles differing interpretations of the effects of 
nonsteroidal antiinflammatory drugs and cyclooxygenase-2; and 4) identifies 
the diverse mechanisms through which omega-3 fatty acids, salicylate and 
certain other nonsteroidal antiinflammatory drugs, and the “statin” 
hypolipidemic agents may exert similarly broad and beneficial 
antiproliferative and antioxidant effects. 

The model holds that metabolic milieu is a major determinant of cell 
survival and growth, and it may foster new approaches to their therapeutic 
control in both normal and transformed cells. It also suggests a broad role 
for mitochondrial and extramitochondrial fatty acid oxidation-induced 
oxidative stress in the pathogenesis of diverse forms of cell injury, as may 
occur, e.g., in the endothelial lesion of atherosclerosis, nonalcoholic 
steatohepatitis, and ischemia-reperfusion injury, as well as in aging, cancer, 
and neurodegenerative disorders. 

While broadly oriented, the present analysis emphasizes the hepatocyte 
as this cell is an ideal paradigm of the interactions between intermediary 
metabolism and growth, and is central to the metabolic aberrations that 
characterize the syndrome of cancer cachexia. Although its life span is 
approximately 6 months 33 , it retains the capacity to re-enter the cell cycle 
within hours after partial hepatectomy, and to undergo one or more cell 
divisions within 24 to 72 hours, thereby restoring the organ to its appropriate 
size 33,34 . Despite substantial progress, an understanding of the forces that 
drive this properly timed initiation and termination of mitosis has been 
elusive. As will be demonstrated, this process dramatically illustrates the 
fact that simple abundance of carbon and nitrogen sources and essential 
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cofactors is not sufficient for growth; rather, substrate requirements and their 
mode of utilization are specific. Thus, DNA synthesis is delayed for 
approximately 12-16 hours following hepatectomy, until hepatocytes emerge 
from an initial phase in which mitochondrial fatty acid oxidation, 
gluconeogenesis, and oxidative stress are maximal, mitochondrial function is 
compromised, and growth is arrested. In the ensuing proliferative phase — 
and in most dividing cells — glycolysis and fatty acid synthesis 
predominate, while citric acid cycle activity, A^, and energy coupling 
efficiency are high. 
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Chapter 3 

Nutrient and Energy Metabolism in 
Cell Proliferation 



3.1. INTRODUCTION 

In this chapter the fundamentals of intermediary metabolism and 
energetics are discussed as they relate to the cell cycle and cell proliferation. 
Emphasis is placed on the important role of glucose in ATP generation under 
both aerobic and hypoxic conditions, and on the critical integration of the 
cell cycle with gene expression, intermediary metabolism, and cell-cell 
interaction that is provided by wingless/Wnt-like signaling. This signal 
cascade may be activated by growth factor receptors as well as by low-level 
reactive oxygen species (ROS), and by the small univalent cation Li\ thus 
accounting for the latter’s versatility in diverse processes and conditions. 
Implicit in the critical role of glycolysis (aerobic or hypoxic) in energizing 
the cell cycle is the requirement that fatty acids be excluded as oxidized 
mitochondrial substrates. The complex and essential modulatory role of 
fatty acids in this and other settings is dealt with in subsequent chapters. 

3.2. INTERMEDIARY METABOLISM: 

GENERAL CONSIDERATIONS 

The following two paragraphs are provided to help orient the reader to 
those aspects of intermediary metabolism, and the utilization of the 
predominant substrates — glucose and fatty acids — that are relevant to cell 
proliferation. The accompanying figures illustrate several aspects of these 
processes, and will be referred to in various portions of the text as 
appropriate. 



19 




20 



Chapter 3 



GLYCOLYSIS 



FATTY ACID BIOSYNTHESIS 
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Figure 3.1. Glycolysis- and citric acid cycle-fueled biosynthesis of ATP and fatty acid; 
suppressed fatty acid oxidation and gluconeogenesis. This figure represents the predominant 
pattern of substrate utilization in proliferating cells; enclosed areas represent mitochondria. 
Arrow thickness approximates relative pathway activity; dotted lines: pathways that are 
suppressed during cell proliferation. Fatty acids also may be derived from plasma. 
Abbreviations — CPT-I: carnitine palmitoyltransferase-I (shown as inhibited by malonyl 
CoA); EMFO: extramitochondrial fatty acid oxidation ((5-oxidation in peroxisomes, u>- and 
(0-1 -oxidation in endoplasmic reticulum); F26BP: fructose-2, 6-bisphosphate; PEPCK: 
phosphoenolpyruvate carboxykinase; PL: glycerophosphatides; PPARa; peroxisome 
proliferator-activated receptor-a; TG: triacylglycerols; VLDL: very low density lipoproteins. 



Glucose utilization requires phosphorylation by hexokinase and entry 
into the glycolytic pathway (Fig. 3.1). Completion of glycolysis with 
formation of pyruvate generates a net of 2 molecules of ATP per molecule of 
glucose. Under certain conditions the process ends here: pyruvate 
substitutes for oxygen as acceptor of the electrons generated by glycolysis, 
thereby forming lactate which is exported from the cell. This “anaerobic 
glycolysis” permits ATP generation in the absence of oxygen, but is far less 
efficient than mitochondrial utilization of glycolysis-derived pyruvate via the 
key regulatory enzyme pyruvate dehydrogenase and the citric acid cycle 





Figure 3.2. Mitochondrial electron transport chain and oxidative phosphorylation. Pathways 
are shown for utilization of three principal substrates, i.e., glucose, fatty acid (FA), and 
glutamine. Pyruvate dehydrogenase- (PDFl)-mediated entry of acetyl CoA into citric acid 
cycle is subject to feedback regulation by acetyl CoA/CoA, NADH/NAD, and ATP/ADP, thus 
minimizing electron transport chain overload and oxygen radical formation. Compared to 
PDH regulation, carnitine palmitoyltransferase-I- (CPT-I)-mediated entry of FA into the p~ 
oxidation cycle is less tightly controlled and may be overridden by high fatty acid concentra- 
tions; as a result, P- oxidation-generated acetyl CoA and citric acid cycle activity may cause 
inhibition of PDH, relative overloading of the electron transport chain, and increased propen- 
sity to oxygen radical formation. Conversion of glutamine and glutamate to 2-oxo-glutarate 
bypasses the pyruvate dehydrogenase control point and directly fuels the citric acid cycle. 





3. Nutrient and Energy Metabolism in Cell Proliferation 



21 



(Fig. 3.1, and Fig. 3.2 facing this page). In this latter pathway, 
mitochondrial inner membrane potential (AW m ) is maintained by electron 
flux-energized export of protons at electron transport chain complexes I, III, 
and IV; AW™ in turn, drives ATP synthase-mediated oxidative 
phosphorylation. Complete oxidation of a glucose molecule through this 
process yields 30 molecules of ATP. Fatty acids may also undergo 
oxidation in mitochondria to generate ATP (Fig. 3.2 facing this page, and 
Fig. 3.3). The long chain fatty acid molecule is converted to its acyl CoA 
then acylcarnitine derivatives. The latter step, mediated by carnitine 
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Figure 3.3. Fatty acid oxidation and gluconeogenesis; suppressed glycolysis and fatty acid 
synthesis. Enclosed areas represent mitochondria. This pattern of substrate utilization is 
antiproliferative. Arrow thickness approximates relative pathway activity; dotted line: 
pathway suppressed during growth arrest. Numbers in parentheses indicate approximate 
yields of ATP from complete oxidation of palmitate (-100), compared (in a ketogenic cell, 
e.g., hepatocyte) with complete diversion to ketogenesis (-20). Fatty acids activate PPARa, 
transcriptionally upregulating both mitochondrial and extramitochondrial fatty acid oxidation. 
Gluconeogenesis limited to hepatocyte, renal tubular epithelial cell, and astrocyte. When 
present in excess, fatty acids may override malonyl CoA inhibition of CPT-I. 
Abbreviations — ATP: adenosine triphosphate; CPT-I: carnitine palmitoyltransferase-I; 
EMFO: extramitochondrial fatty acid oxidation (^-oxidation in peroxisomes, o>- and <o-l- 
oxidation in endoplasmic reticulum); F26BP: fructose-2, 6-bisphosphate; PEPCK: 
phosphoenolpyruvate carboxykinase; PL: glycerophosphatides; PPARa: peroxisome 
proliferator-activated receptor-a; TG: triacylglycerols; VLDL: very low density lipoproteins. 
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palmitoyltransferase-I (CPT-I), permits fatty acid entry into the 
mitochondrial matrix where acyl CoA is regenerated and undergoes P* 
oxidation, providing electrons to the electron transport chain and generating 
acetyl CoA. Acetyl CoA may enter the citric acid cycle or be converted to 
ketone bodies and exported from the cell. Importantly, accelerated fatty acid 
oxidation may drive excessive electron flux, predisposing to formation of 
reactive oxygen species (ROS) and oxidative stress. A theoretical yield of 
106 ATP molecules per palmitic acid molecule is diminished by ketogenesis, 
fatty acid uncoupling of oxidative phosphorylation, loss of electrons from 
the electron transport chain in generating ROS, and the injurious effects of 
oxidative stress on components of the electron transport chain. 

An important aspect of these alternative pathways (glycolysis and 
mitochondrial fatty acid oxidation) is their relative exclusivity. Thus, 
aerobic glycolysis and the pentose phosphate pathway (Fig. 3.1) generate 
substrates, e.g., NADPH, that are utilized in antioxidant defense and in the 
de novo synthesis of fatty acids, isoprenoids, and sterols. The first 
committed intermediate in fatty acid biosynthesis, malonyl CoA, inhibits 
CPT-I and mitochondrial fatty acid oxidation. Glycolysis thereby supports 
fatty acid synthesis; its indirect (malonyl CoA-mediated) inhibition of CPT-I 
and fatty acid oxidation, however, may be overridden in states of cellular 
fatty acid excess. Mitochondrial fatty acid oxidation, moreover, strongly 
inhibits glucose uptake, glycolysis, and pyruvate dehydrogenase 1 " 4 . In 
hepatocytes and renal tubular epithelial cells, mitochondrial fatty acid 
oxidation fuels gluconeogenesis (Fig. 3.3) and export of newly synthesized 
glucose. Accordingly, ATP generation may be: 1) primarily glycolytic (Fig. 
3.1) with suppression of fatty acid oxidation; or 2) primarily dependent on 
fatty acid oxidation (Fig. 3.3), supporting gluconeogenesis and/or 
ketogenesis, while suppressing glycolysis and predisposing to ROS 
generation and oxidative stress. These concepts will be revisited as cellular 
processes and conditions are examined in relation to growth regulation. 



3.3. ATP GENERATION, CARBOHYDRATE 
METABOLISM, AND CELL GROWTH 

Evidence that rates of oxygen consumption and ATP generation are 
increased in mitosis is provided by studies of several transformed and non- 
transformed cell systems. Rates increase throughout the cell cycle, reaching 
high levels during G1 and S and even higher in G2/M 5 " 9 . ATP production 
was linearly related to growth of hybridoma cells (clonal cell lines created 
by fusion of antibody-producing and tumor cells) 10 , to epidermal growth 
factor (EGF)- and/or insulin-stimulated DNA synthesis in 3T3 fibroblast 
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cultures 11 , and to DNA repair in yeast 12 . In primary rat hepatocyte cultures, 
citric acid cycle intermediates (oxidation of which fuels the electron 
transport chain, driving oxidative phosphorylation) stimulated DNA 
synthesis and mitosis, equalling or exceding the mitogenic effect of EGF 13 . 
Conversely, depletion of nucleotide triphosphates (NTP), which include the 
readily interconvertible ATP, CTP, GTP, TIP, and UTP, caused G1 arrest in 
the absence of DNA damage 14 and in E. coli inhibited initiation of ribosomal 
RNA transcription 15 . Importantly, availability of ATP and oxygen at critical 
sites may be limited by cytoplasmic diffusion barriers 16 " 18 . 

3.3.1. Aerobic Glycolysis, Mitochondrial Respiration, and 
Oxidative Phosphorylation 

Increased glycolysis, long recognized as characteristic of proliferating 
cells 19 " 23 , is associated with altered expression of related genes. Thus, in 
neoplastic hepatocytes the normally expressed low affinity adult plasma 
membrane glucose transporter, GLUT 2, is supplanted by the high affinity 
GLUT 1 fetal isoform 24 that is expressed in many human cancers 25 (Fig. 3.1). 
Glucose uptake and plasma membrane glucose transporter expression also 
increased in ras or src transfected 26 or virally transformed 27 rat fibroblasts, 
and hepatic glucose utilization was increased by overexpression of c-myc in 
streptozotocin-treated transgenic mice 28 . Conversely, inhibition of 
insulinoma cell growth by butyrate significantly decreased GLUT 1 
expression 29 . 

After uptake, glucose normally is phosphorylated in hepatocytes by the 
low affinity cytosolic adult type IV hexokinase, designated glucokinase. In 
contrast, tumor cells may express a mitochondrial-bound higher affinity 
hexokinase 23 ' 30 , predominantly type II 31 , reflecting at least in part epigenetic 
upregulation of the HKII gene through promoter demethylation 32 . 
Mitochondrial-bound hexokinase is an integral component of a membrane- 
spanning complex that appears to be interconvertible with the apoptosis- 
associated permeability transition pore (Fig. 3.4; also, see Chapter 5.3.: 
Mitochondrial Function in Apoptosis). Located at the contact sites between 
inner and outer mitochondrial membranes, this complex (voltage-dependent 
anion channel, or VDAC) also includes the adenine nucleotide translocase, 
porin, creatine kinase, as well as anti-apoptotic members of the Bcl-2 protein 
family 33 " 35 . VDAC itself is associated with the outer mitochondrial 
membrane, but the mechanism by which this highly permeable membrane 
generates the potential (“voltage”) presumably required to regulate the 
voltage-dependent channel (VDAC) is unknown 36 . Accordingly, the 
schematic shown in Fig. 3.4, while consistent with a proposed model that in 
effect provides for direct, regulated communication across the profound 
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potential difference between cytosol and the mitochondrial matrix 36 , is not 
established. In any case, this location accounts for hexokinase-mediated 
suppression of Bax-induced cytochrome c release 37 ' 38 (also, see Chapter 5.3.: 
Mitochondrial Function in Apoptosis) and kinetically favors both hexokinase 
utilization of mitochondrially generated ATP 23 ' 39 and the return of ADP so 
produced to the ATP synthase. Transfection of this hexokinase isoform into 
3T3 fibroblasts increased both overall hexokinase activity and 
cell growth 40 . Several human and rat tumors and tumor cell lines express a 
hexokinase variant which was specifically inhibited by mannoheptulose but 
not by glucose-6-phosphate, the physiological inhibitor of the normally 
expressed hexokinase; mannoheptulose decreased both glucose uptake and 
cell growth 41 . Expression of type II hexokinase is amplified in AS30D 
hepatoma and other cancer cell lines 42 , reflecting increased expression of 
structurally normal VDAC 43 , and contributing to an aerobic glycolytic 
phenotype correlated with cell growth 42 . 




Figure 3.4. Mitochondrial voltage-dependent anion channel (VDAC) components and 
relationship to electron transport chain; schematic representation. VDAC complex-mediated 
juxtaposition of hexokinase II and the adenine nucleotide translocase in proliferating cells 
optimizes energetics of glucose phosphorylation to glucose-6-phosphate and entry into the 
glycolytic pathway, leading to pyruvate formation. Detailed structural relationships remain 
incompletely defined (see text). Increased mitochondrial fatty acid oxidation inhibits glucose 
uptake, hexokinase, and pyruvate dehydrogenase, and predisposes to electron “leakage” from 
the electron transport chain; the latter results in one-electron reduction of oxygen and 
formation of 0 2 ' and derivative ROS. Excess cellular fatty acids may disrupt hexokinase II. 
VDAC, and the contact sites. Unlike anti-apoptotic Bcl-2 family members, pro-apoptotic 
members may associate with, and perturb, the mitochondrial membrane after activation of the 
apoptotic cascade. Abbreviations — CYT C: cytochrome c; inner mitochondrial 

membrane potential; 0 2 ': superoxide anion; UBIQ: ubiquinone; ROS: reactive oxygen 
species; VDAC: voltage-dependent anion channel. With permission 44 . 
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Further modulation of glycolysis is effected by 6-phosphofructokinase- 
2/fructose-2,6-bisphosphatase (PFK2/F-2,6-BPase) and the activity of its 
PFK2 component (Fig. 3.1). The latter is increased in proliferating cells, 
resulting in accumulation of the key regulatory intermediate fructose-2, 6- 
bisphosphate (F-2,6-BP) 45 . F-2,6-BP, an allosteric activator of 

phosphofructokinase and inhibitor of fructose- 1,6-bisphosphatase, augments 
glycolysis and inhibits the opposing gluconeogenesis pathway. PFK2 
activity and expression — and glycolysis — are increased by EGF, 
hepatocyte growth factor (HGF), and insulin in primary hepatocyte cultures 
and several cell lines, including FIT-29 human colon carcinoma, chick 
embryo and human fibroblasts, and A431 hepatoma 45 ’ 46 . Conversely, the 
growth inhibitor transforming growth factor |3 (TGF|3) decreases hepatocyte 
PFK2 activity and F-2,6-BP abundance 46 , and increases the mRNA 
abundance of phosphoenolpyruvate carboxykinase (PEPCK) 47 , a key 
determinant of gluconeogenesis (see Chapter 6.3.: TGF(3). 

Enhanced glycolysis during tumorigenesis is also favored by the 
mitogens insulin 48 and EGF 49 , by increased expression and activity of 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and pyruvate kinase 
(PK) 24 , and by decreased PEPCK expression 24 (Fig. 3.1). Increased GAPDH 
expression was correlated with the transformed state and glucose transporter 
expression in several cell lines 50 . In EGF receptor-expressing human MDA- 
468 breast cancer cells, EGF caused both a near doubling of the rate of 
glucose uptake and phosphorylation and an increase in cell growth 51 . 
Limited production of lactate in the latter experiments suggests that glucose- 
derived pyruvate entered the citric acid cycle, consistent with the importance 
of oxidative phosphorylation during cell growth. This critical step depends 
on the conversion of phosphoenolpyruvate (PEP) to pyruvate by PK, the M 2 
isoform of which is increased in virtually all tumors 52 . The insulin-like 
response which these changes represent is consistent with the metabolic 
changes early in experimental and human hepatocarci nogenes is 51 , in which 
expression of insulin receptor substrate- 1 (IRS-1) is increased 54 . In addition 
to glycolysis, glucose-6-phosphate may enter the pentose phosphate pathway 
via the key enzyme glucose-6-phosphate dehydrogenase (Fig. 3.1). This 
pathway generates NADPH, required both for biosynthesis of fatty acids and 
sterols, and for maintenance of cell redox balance 55 . 

The implied dependence on oxidative phosphorylation (Fig. 3.2 facing 
page 21) during cell cycle progression 56 is demonstrated more directly by 
parallel increases in oxygen consumption, ATP biosynthesis, and ATP 
abundance 5 " 8 ' 57 . In human leukemia cells, cell cycle progression required 
augmented biogenesis of mitochondria and of mitochondrial proteins 
involved in oxidative phosphorylation. Inhibition of the latter suppressed 
mitochondrial ATP production and cell cycle progression, and was not 
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compensated for by increased generation of ATP by glycolysis alone 9 . In 
hybridoma cells, ATP generation depended chiefly on glucose consumption 
and citric acid cycle activity, the latter indicative of aerobic metabolism 10 . 
Four types of transplanted tumors in mice utilized glucose, as well as other 
mitochondrial substrates including ketone bodies, glutamine, and lactate 58 . 
Conversely, inhibition of aerobic glycolysis appears to account for the 
dramatic therapeutic effect of STI571 against chronic myelogenous 
leukemia 59 . The importance of mitochondrial ATP generation in tumor cells 
is further suggested by the aforementioned mitochondria-associated 
hexokinase (Fig. 3.4) and its kinetically preferential access to newly 
synthesized ATP, permitting accelerated glucose-6-phosphate 
formation” ' ' . Utilization of glucose and/or oxygen was correlated with 
growth of xenografts of human breast and lung cancers and tumor-derived 
cell lines in nude mice 21 , and in adriamycin-resistant vs. adriamycin- 
sensitive wild type Ehrlich ascites tumor cells 60 . In the presence of glucose, 
approximately 50% of the ATP requirement of most rapidly growing tumor 
cells was derived from glycolysis 20 ; when glucose was replaced as a carbon 
source by glutamine (a precursor of the citric acid cycle intermediate 2-oxo- 
glutarate), ATP was produced entirely via oxidative phosphorylation 61 . 
Significantly, glutamine in this circumstance, and in L929 mouse 
fibrosarcoma cells 62 , was able to sustain ATP generation at rates equal to 
those with glucose alone. This further indicates the central importance of 
the citric acid cycle and oxidative phosphorylation in cell proliferation, and 
may account for the dominant role of glutamine as a nutrient in several types 
of normal and neoplastic cells during rapid growth 6164 , including intestinal 
epithelium as discussed below (see Chapter 6.2.: Butyrate). Finally, the 
importance of mitochondrial energization and oxidative phosphorylation is 
emphasized by the increase in A'Pn, that is characteristic of proliferating 
cells, both normal and transformed 65 , and the predisposition by hypoxia to 
p5 3 -dependent and p5 3 -independent apoptosis. 

Despite these considerations, it is important to note that in selected 
circumstances cell proliferation may be supported under hypoxic conditions 
by anaerobic glycolysis. This occurs, e.g., in tumor angiogenesis 66 ' 67 , 
placental vascularization 68 , and mitogen-stimulated thymocyte 
proliferation 69 . Moreover, survival and growth of cells in less well perfused 
and oxygenated regions of a tumor mass is critically linked to their response 
to hypoxia, largely dependent on activation of hypoxia-inducible factor 
(HIFla/ARNT). Active HIFla transcriptionally upregulates genes the 
products of which promote erythropoiesis, angiogenesis, and glycolysis 67 ' 70 , 
including mitochondrial VDAC-associated hexokinase II 23 ’ 31 (also, see 
3. 3.2. 3.: Reactive Oxygen Species). The latter’s perhaps unexpected 
expression - under conditions in which limited oxygen availability 
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constrains mitochondrial respiration — may provide for an anticipated and 
accelerated glycolytic response to increases in oxygen availability mediated 
by HIF la-induced erythropoietic and angiogenic factors. HIFlamay also 
induce expression of the cell cycle inhibitors p21 Waf,/CipI and p27 Kipl , leading 
to G1 cell cycle activation and/or Gl/S arrest 71 (also, see 3.3.2.: 
Wingless/Wnt-Like Signaling: Convergence of Antecedents and the 
Unpredictable). In addition, through its activation of wg/Wnt-like signaling 
(see below), erythropoietin promotes endothelial cell survival 72 . 
Furthermore, hypoxia may serve as a growth selection factor, favoring 
survival and proliferation of tumor cells in which p53 activity is deleted and 
p53-mediated apoptosis is therefore defective, e.g., as the result of p53 
mutation 73 . Under normoxic conditions, mitochondrial respiration may be 
suppressed by glucose in normal and cancer cells through the incompletely 
understood “Crabtree effect” 36 ' 74 " 76 (also, see Chapter 7.3.: Origins of 
Intramitochondrial Oxidative Stress). 

3.3.2. Wingless/Wilt- Like Signaling: 

Convergence of Antecedents and the Unpredictable 

A major regulatory linkage between mitosis and glycolysis is provided 
by wingless/Wnt-like (wg/Wnt-like) signaling pathways and their pivotal 
negative regulator glycogen synthase kinase-3|3 (GSK3p) 77S0 . These 
cascades are of critical importance in development as well as in the 
pathogenesis of human familial adenomatous polyposis (FAP) and, 
untreated, the latter’s virtually invariable culmination in colon cancer. They 
are commonly dysregulated (constitutively activated) in human cancer, often 
the result of inactivating mutations in the gene encoding the inhibitory lipid 
phosphatase PTEN 81 . A critical component of wg/Wnt-like signaling is 
phosphatidyl inositol-3-kinase- (PI3K)-dependent activation of the protein 
kinase Akt, also designated protein kinase B (Akt/PKB) 82 ' 83 . In this 
sequence, active PI3K generates phosphoinositide activators of 
phosphoinositide-dependent kinase 1 (PDK1), which in turn activates 
Akt/PKB. Activated Akt/PKB promotes both cell survival and proliferation 
(Fig. 3.5), inducing the secretion of insulin by the pancreatic islet beta cell 84 , 
and of insulin-like growth factors by 3T3-L1 preadipocytes 85 . 

The survival-enhancing function of Akt/PKB reflects in part its 
enhancement of glucose utilization, activation of mitochondrial hexokinase 
II and glycolysis generally, hexokinase II-mediated suppression of Bax- 
induced cytochrome c release 37 ' 38 , and maintenance of high A *P m , and an 
open conformation of VDAC ' ' . It is actively expressed in embryonic 
stem cells 88 , and essential for proliferative self-renewal in hematopoietic 
stem cells 89 . Moreover, Akt/PKB phosphorylates and thereby inactivates: 
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Figure 3.5. Wingless/Wnt-like signaling: cell growth and suppression of cell death. 
Activation of PI3K-Akt/PKB via diverse receptor and non-receptor tyrosine kinases 
(including EGF. HGF, insulin, IGF-1. PDGF, and TNFa receptors) and/or ROS leads to 
Akt/PKB phosphorylation, activation of SREBPs, MDM2, and telomerase, and inactivation of 
the apoptosis-promoting and/or growth inhibiting proteins Bad, caspase 9, Forkhead 
transcription factors, GSK3|3, p53, and (not shown) IkB. Inactivation of GSK3P abrogates its 
inhibition of proteins important in storage and utilization of glucose (glycogen synthase, 
pyruvate dehydrogenase), cell cycle progression (cyclin Dl), and gene transcription (()- 
catenin). The resulting increase in c-myc expression leads, among its other effects, to 
transcriptional activation of the gene encoding the cyclin-dependent kinase cdk4. 
Abbreviations — COX 2: cyclo-oxygenase 2 (prostaglandin G/H synthase 2); EGF: epidermal 
growth factor; HCC: hepatocellular carcinoma; HGF: hepatocyte growth factor; IGF-1: 
insulin-like growth factor- 1; PDGF: platelet-derived growth factor; PDH: pyruvate 
dehydrogenase; SREBPs: sterol regulatory element binding proteins; TNFa: tumor necrosis 
factor-a. 



1) Bad, a pro-apoptotic member of the Bcl-2 family 90 ; 2) caspase 9, a key 
cysteine protease in the apoptotic cascade 91 ; and 3) IkB, the cytosolic 
inhibitor of the transcriptional regulator nuclear factor kB (NFkB) 9 ~. 
Inactivation of Bad and caspase 9, and activation of NFkB, promote cell 
survival by suppressing specific mitochondrial and extramitochondrial 
events in apoptosis (see Fig. 3.5, and Chapter 5.3.: Mitochondrial Function 
in Apoptosis). Akt/PKB also suppresses Fas-mediated apoptosis by 
inhibiting interaction of procaspase 8 with the death-inducing signaling 
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complex (DISC) 93 . As a corollary of its linkage to aerobic metabolism, 
however, Akt/PKB is unable to protect against oxygen deprivation 80 ' 94 . 

Support of cell proliferation by Akt/PKB, in contrast to its survival- 
enhancing effects, reflects to a large extent its inactivation of several 
antiproliferative factors (Fig. 3.5). These include the Forkhead family of 
transcription factors 95 , the G2 arrest-inducing Chkl kinase 96 , and GSK3(3. 
Forkhead transcription factors (AFX, FKHR, FKHRL-1, and FOXO-3 in 
mammals; Daf 16 in C. elegans) induce p27 K,pl -mediated G1 arrest 97 , 
Gadd45 -mediated G2 arrest and DNA repair 98 , antioxidant defenses 
including (mitochondrial) Mn-superoxide dismutase", and TNFa -related 
apoptosis-inducing ligand (TRAIL) 100 . 

Inactivation of GSK3p is a major targeted effect of Akt/PKB. Active 
GSK3P suppresses mitosis by phosphorylating key elements in cell 
proliferation, leading to their inactivation (glycogen synthase, PDH) or 
degradation (|3-catenin and cyclin p)i) 101104 (Fig. 3.5); as a result, E- 
cadherin-mediated cell-cell adhesion is stabilized, fostering cell 
differentiation 101 ' 102 . Thus, inactivation of GSK3|3 contributes to mitosis by 
providing for several requirements of this process: 

1) GSK3P inactivation prevents phosphorylation of |3-catenin, thereby 

increasing the cytosolic abundance of unphosphorylated P-catenin and 
favoring its participation as a transcriptional regulator in conjunction with 
Tcf/lef 101102 . Among the targets of P-catenin-mediated transactivation are 
the genes encoding cyclin Dl 105 , the matrix metalloproteinase matrilysin 106 , 
and c-myc, an inducer of cell cycle progression ’ . C-myc, in turn, 

transcriptionally activates expression of the cyclin D-dependent kinase 
cdk4 109 , and a member of the peroxiredoxin family important in 
maintenance of mitochondrial function 110 , while suppressing that of the cdk 
inhibitor pl5 ,NK4b i”. 

2) GSK3P inactivation prevents its phosphorylation and resulting 
degradation of cyclin Dl 104 , thereby increasing the latter’s abundance, its 
activation of cyclin-dependent kinases cdk4 and cdk6, and cell cycle 
progression. The cell cycle is also subject to control by the interaction 
between GSK3p and Akt/PKB in regulating the Cip/Kip family of cdk 
inhibitors p21 Wafl/Cipl and p27 Kipl . Although these cell cycle regulators serve 
to control the Gl/S transition, both are sequestered by, and at low abundance 
activate, cyclins Dl and D2 112 " 114 . The importance of p21 Wafl/c,pI and p27 Kipl 
to cell survival (see Chapter 5.3.4.: Apoptosis and the Cell Cycle: Chronic 
Viral Hepatitis and Cancer) is suggested by the rarity with which they 
undergo inactivating mutations in human cancer 113 , as well as by the 
complexity of their regulation. For example, GSK3P -mediated 
phosphorylation of p21 Wafl/Cipl at T57 decreases its stability 115 . This action is 
opposed by Akt/PKB, which increases p2 1 Wafl/c, P 1 stability by inactivating 
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GSK3P' 15 , and by directly phosphorylating p2 1 Wafl/c, P | a t S146 116 . In 
addition, Akt/PKB-mediated phosphorylation of p2 1 Wafl/C| P | a t T145 
decreases binding of p21 Wari/Cipl to PCNA 116 and/or promotes its cytosolic 
localization 117 ; both of the latter actions would tend to diminish the 
antiproliferative effects of p21 Wan/Cipl , thus promoting cell cycle progression. 
Similarly, Akt/PKB-mediated phosphorylation of p27 Kipl promotes the 
latter’s cytosolic retention 118 ' 119 . Thus, Akt/PKB influences cell cycle 
regulation in part through its effects on nuclear abundance of both of the 
major Cip/Kip proteins, which in low abundance promote activation of the 
cyclin D kinases cdk4 and cdk 6, and in high abundance inhibit cyclin E/cdk 
2 and the Gl/S transition. 

3) GSK3P inactivation, in addition to augmenting cell cycle 
progression, abrogates its inactivating phosphorylation of glycogen synthase 
and pyruvate dehydrogenase 103 (also, see Chapter 15: Pathogenesis of 
Alzheimer Disease: Metabolic Factors). Further, in addition to activating 
mitochondrial hexokinase II 80 ’ 86 , Akt/PKB directly upregulates GFUT 4 
translocation and glucose uptake 120 , and activates PFK2 121 . Together, these 
direct and indirect effects of Akt/PKB would support increased cellular 
uptake of glucose, its storage (as glycogen), and its utilization in aerobic or 
anaeobic (hypoxic) glycolysis. Suppression of c-myc expression in rat liver 
by fasting 122 , which inhibits glycogen storage and glycolysis, further 
supports the linkage between wg/Wnt-like induction of mitosis and glucose 
metabolism. In addition, Akt/PKB’s inactivation of GSK3P abrogates the 
latter’s activation of MEKK1 and the stress-activated (JNK/SAPK) protein 
kinase pathway 123 . 

Thus, predisposition to colon cancer in the FAP syndrome can be 
understood as the result of constitutively augmented wg/Wnt-like signaling, 
reflecting mutations in the adenomatous polyposis coli (APC) or P-catenin 
gene. Such mutations prevent formation of the APC/axin/GSK3p/p-catenin 
complex upon which the GSK3p-mediated phosphorylation and degradation 
of P-catenin, and abrogation of wg/Wnt-like signaling, depend. As a 
corollary, increased hepatocyte death and embryonic lethality caused by 
absence ofGSK3p 124 may reflect failure of a protective GSK3P-dependent 
cell cycle arrest 123 under conditions inappropriate for mitosis (see Chapter 
5.3.4.: Apoptosis and the Cell Cycle: Chronic Viral Hepatitis and Cancer). 
In the normal postmitotic differentiating colonocyte, conversely, absence of 
wg/Wnt-like signaling permits GSK3P to remain unphosphorylated and 
enzymatically active. 

The mutually inhibitory interactions between IRS-1 and GSK3P, and the 
latter’s ubiquitous expression 126 " 128 , suggest that insulin and other mitogenic 
factors serve as activators of a wg/Wnt-like pathway (Fig. 3.5) 128 , as has 
been demonstrated, e.g., for insulin-like growth factor-1 (IGF-1) 129 , EOF 130 , 
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HGF 131 ' 132 , TNFa 92 , the B cell CD40 receptor 133 , and the recently 

characterized Wnt itself 134 . Direct evidence for such an interaction is also 
provided by the observation that insulin stimulates the integrin-linked kinase 
(ILK) in a PI3K-dependent manner 135 , leading to activation of Akt/PKB, 
inactivation of GSK3|3, and increased nuclear translocation of (3-catenin. 
Although wg/Wnt-like signaling-dependent phosphorylation of GSK3(3 was 
previously regarded as protein kinase C- (PKC)-mediated and therefore 
independent of PI3K and Akt/PKB 136 , its functional equivalent can in fact be 
initiated by this more recently identified mechanism, and by others as well. 
Moreover, it is now clear that several classes of PKC are activated in a 
PI3K-dependent manner 137 , and that these two pathways may interact in the 
induction ofcolonocyte proliferation and colon carcinogenesis 138 . 

Inhibition of GSK3J3 by insulin during glycogen synthesis has long been 
recognized, and is required early in human and experimental 
hepatocarcinogenesis as noted above 53 ' 54 . On the basis of these recent 
observations, however, it now is clear that the interaction of growth factors 
such as HGF and insulin with wg/Wnt-like signaling activates the critically 
important convergence of four distinct and essential antecedents to cell 
proliferation, i.e., altered cell-cell and cell-matrix interaction, enhanced 
availability and utilization of energy-generating substrate (glycogen, 
glucose), activation of transcriptional regulation, and cell cycle progression. 
Moreover, it is of considerable importance in the present context that 
insulin-initiated wg/Wnt-like signaling is inhibited by fatty acids 3 ' 139 " 148 and 
in obesity 149 , as well as by cyclic AMP-mediated prevention of PDK1 
membrane localization 150 . In addition, as discussed above, the tumor 
suppressor gene PTEN, the product of which is a lipid phosphatase that 
inhibits PI3K signaling, induces apoptosis in Jurkat T cells 151 and is 
defective in many human cancers 81 . 

3.3.2.I. Broader Significance of wg/Wnt-Like Signaling 

That the interaction between growth factors and GSK3|3 may transcend 
cell proliferation is suggested by evidence that components of the wg/Wnt- 
like signaling pathway are operative in brain neurons (see Chapter 15: 
Pathogenesis of Alzheimer Disease: Metabolic Factors). It is reasonable to 
question what advantage might be served by expression of a pathway so 
intimately linked to proliferation control in a cell in which proliferation is 
precluded, such as the terminally differentiated neuron. Consideration of the 
energy requirements of cell growth and neuronal activation provides insight 
into this seeming paradox. In cortical neurons, presenilin-1 (PS1) may 
function as a scaffold protein, in a manner superficially resembling that of 
APC or axin 152 ' 153 . Thus, in the absence of wg/Wnt-like signaling PS1 
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promotes formation of a complex in which it combines with (3-catenin, the 
microtubule-associated protein x, and active (unphosphorylated) GSK3(3. 
Hyperphosphorylation of x by GSK3P and other kinases leads ultimately to 
formation of the neurofibrillary tangles that are characteristic of Alzheimer 
disease 103 . Although these protein-protein interactions are well 
substantiated, there is recent evidence that the arm of wg/Wnt-like signaling 
that is related to nuclear (3-catenin abundance, turnover, and gene 
transcription may not be operative in neurons 154 . This would suggest that, 
perhaps better suited to its functioning in a post-mitotic cell, neuronal 
wg/Wnt-like signaling may be related predominantly or exclusively to 
metabolic regulation, reflecting the interaction among PI3K, Akt/PKB, and 
GSK3p. This “truncated” version of wg/Wnt-like signaling might also be 
regarded as functionally analogous to the non-proliferative effect of 
enterocyte trefoil factor described below. 

In both neuronal activation and mitosis, the rate at which ATP is 
generated is critical and is optimally supported by insulin or insulin-like 
enhancement of glycolytic fueling of the citric acid cycle and oxidative 
phosphorylation (see Chapter 11: Energetics of Neuronal Activation). A 
key element is that in both the activated neuron and the cell entering the 
mitotic cycle, active wg/Wnt-like signaling is necessary to phosphorylate 
and thus inactivate GSK3|3. This would prevent GSK3(3- mediated 
phosphorylation not only of x but also of pyruvate dehydrogenase 103 , the 
pivotal determinant of glycolytic fueling of the citric acid cycle that is 
required in both settings. In contrast, in the (non-neuronal) cell committed 
to a differentiation pathway, and/or exposed to increased amounts of fatty 
acids, the associated decrease in wg/Wnt-like signaling and therefore in 
GSK3(3 phosphorylation would augment the latter’s activity. The resulting 
GSK3p-mediated phosphorylation of P-catenin would suppress p-catenin- 
dependent transcriptional activation and stabilize E-cadherin-dependent cell- 
cell adhesion. 

According to this formulation, then, the wg/Wnt-like signaling pathway, 
among its other effects, may be viewed as a general and perhaps ubiquitous 
mechanism that contributes to the regulation of ATP availability in a variety 
of circumstances. In addition to cell cycle progression, it may be harnessed 
for this purpose in support of other time- and energy-critical processes that 
are unpredictable, and in which maximal rates of ATP synthesis via 
oxidative phosphorylation are required; these include neuronal activation 
amd synaptogenesis in brain 155 (also, see chapter 15.4.2.1. Wingless/Wnt- 
Like Signaling), and the rapid, non-proliferative, EGF- and PI3K/Akt/PKB- 
mediated, trefoil factor-dependent epithelial restitution that follows intestinal 
mucosal injury 130 . In the latter, trefoil factor exerts an antiproliferative 
effect 156 . Accordingly, “truncated” (used here to indicate non-mitogenic) 
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wg/Wnt-like signaling may in general subserve activation of protective, 
reparative, or other unpredictable cellular processes that are energy intensive 
but not necessarily linked to cell proliferation. In contrast, in cells which 
have exited the mitotic cycle and/or otherwise have relatively low energy 
demands, suppression of wg/Wnt permits maximal activation of GSK3P* 
mediated phosphorylation reactions and their downstream effects. Operation 
of the pathway may be disturbed in either direction. Thus, GSK3P may be 
inappropriately suppressed (i.e., wg/Wnt active) in the APC mutant 
colonocyte, leading to impaired cell-cell adhesion and increased P-catenin- 
mediated transcriptional activation, mitosis, and tumorigenesis. Conversely, 
GSK3P may be inappropriately activated (i.e., wg/Wnt suppressed) in the 
Alzheimer neuron, leading to inactivation of pyruvate dehydrogenase, 
impairment of glycolysis and pyruvate-fueled oxidative phosphorylation, 
hyperphosphorylation of r with generation of neurofibrillary tangles, 
oxidative stress, and increased P amyloid formation (see Chapter 15: 
Pathogenesis of Alzheimer Disease: Metabolic Factors). 

3.3.2.2. Lithium 

The broad importance of wg/Wnt-like signaling in both neuronal and 
non-neuronal cells is further suggested by the central role and diverse effects 
of the small univalent cation lithium (Li + ). Li + both directly 157 ' 158 and 
indirectly 159 inhibits GSK3P, thereby augmenting Akt/PKB signaling. By 
this mechanism, Li + : 1) mimics aspects of insulin/PI3K/Akt/PKB-stimulated 
glucose metabolism 160 ; 2) exerts broad cellular protective effects 159 ' 161 ' 162 ; 3) 
increases cytosolic abundance of P-catenin and Tcf/lef transcriptional 
activity in fibroblasts 158 ' 163 ; and 4) augments proliferation of non-neural 
cells 164,165 . Individually and jointly, these interactions strongly support the 
concept that GSK3P activation/inactivation is of central importance in both 
normal cell function and disease pathogenesis. 

3.3.2.3. Reactive Oxygen Species 

The foregoing observations emphasize a critical role for aerobic 
glycolysis and oxidative phosphorylation in cell growth. It therefore seems 
surprising that, despite their potentially damaging effects, reactive oxygen 
species (ROS, e.g., H 2 0 2 and superoxide anion — 0 2 ) may be generated 
when mitochondrial energization and AW,,, are high (see Chapter 7: Fatty 
Acids and Mitochondria; Cell Growth and Injury: Broader Implications), and 
may also participate in the mediation of cell proliferation 166 " 168 . At least in 
part, this may reflect ROS inhibition of both the Forkhead family of 
transcriptional regulators 168 (also, see 3.3.2.: Wingless/Wnt-Like Signaling: 
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Convergence of Antecedents and the Unpredictable), as well as of protein 
tyrosine phosphataselB 169 17 °. The latter effect permits sustained tyrosine 
phosphorylation and augmented signaling by both receptor and non-receptor 
kinases including P13K ’ ’ “ and Syk , as well as as stabilization of 

Akt/PKB by both Hsp 27 174 and Hsp90 175 ’ 176 . 

Moreover, hypoxia activates two mutually-reinforcing limbs of the 

h r\ 1 77 

cellular response to diminished oxygen availability ' ’ . First, electron 

transport chain generation of ROS indirectly activates P13K/Akt/PKB 
signaling (see previous paragraph). Second, suppressed oxygen-dependent 
proline hydroxylation of the von Hippel-Lindau protein (VHL) activates 
HIFla/ARNT, thereby increasing transcription of genes related to cellular 
glucose uptake (e.g., GLUT 1, 3), glycolysis, and oxygen supply (e.g., 
erythropoietin, VEGF) 67 ’ 70 ' 177 . Activation of P13K/Akt/PKB signaling 
synergizes with the increase in expression of glycolytic genes. Moreover, it 
activates NFkB 92 , possibly accounting for a recognized ROS-induced 
activation of transcriptional regulation by NFkB and AP 1 ’ . Thus, a two- 

pronged cellular response to hypoxia effects synergistic promotion and 
integration of cytoprotective patterns of metabolism, energetics, and gene 
expression. In addition, HIFla/ARNT may be activated under normoxic 
conditions by insulin 181 , and in a neuronal cell defensive response to P 
amyloid 182 (also, see Chapter 15: Pathogenesis of Alzheimer Disease: 
Metabolic Factors). These and other factors may activate a multifaceted 
upregulation of HIFla, and expression of its transcriptional targets, via 
wg/Wnt-like P13K/Akt/PKB signaling 70 ; it may include an Akt/PKB- 
mediated VHL-independent activation of VEGF expression by P-catenin 183 
and suppression of forkhead transcriptional activity 184 . 

Such observations provide important insight into metabolic aspects of 
growth control and raise equally important questions concerning the diverse 
effects of ROS, which may range from necrotic death to cell proliferation 185 . 
This diversity appears to reflect at least in part variations in ROS 
abundance 185 , persistence 67 , and interaction with cellular antioxidant defenses 
that are necessary to effect modulation of critical functions such as caspase 

1 Q/T 1 ZZ 1 Q-7 I OO 

activity and transcriptional regulation ' ’ . However, except for 

ca \ in 1 QQ 

hypoxia-induced electron transport chain generation of 0 2 ‘ ' ’ , and 

phagocyte or vascular NADPH oxidase, the origins of ROS involved in 
growth signaling are largely undefined 166 ' 167 . Evidence to be considered 
below suggests that mitochondrial and extramitochondrial fatty acid 
oxidation contribute importantly to their generation (see Chapter 7: Fatty 
Acids and Mitochondria, Cell Growth and Injury: Broader Implications). 

In summary, most dividing cells may utilize a range of nutrients but 
optimal growth depends primarily on increased oxidative phosphorylation- 
mediated ATP biosynthesis. The increase in A 'Em required to support this is 
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fueled largely by glycolysis and the citric acid cycle, reflecting at least in 
part wg/Wnt-like signaling and HIFla/ARNT-induced transactivation of 
glycolysis-related genes. The principal exceptions appear to be: 1) those 
cells in which the citric acid cycle is fueled directly by glutamine-derived 2- 
oxo-glutarate, e.g., in small intestine in vivo and in certain tumor cells in 
vitro 63 64 ; also, see Chapter 6.2.: Butyrate); and 2) glycolytic support of 

hypoxic proliferation in selected cell populations as noted above (see 3.3.1.: 
Aerobic Glycolysis, Mitochondrial Respiration, and Oxidative 
Phosphorylation). Even in the latter, however, hypoxia-induced 
mitochondrial generation of ROS indirectly promotes cell cycle progression, 
as discussed in the preceding paragraphs. In any event, implicit in all 
dividing cells including these exceptions is the relative exclusion of fatty 
acids as mitochondrial oxidative substrate (Fig. 3.1). Thus, cell proliferation 
may be the resultant of a constantly changing interaction among: 1) cell 
cycle energy demands; 2) genetic, metabolic, and energetic heterogeneity 
among cells, and among mitochondria within a given cell 190 ' 193 ; and 
3) variation in microenvironmental abundance of nutrients, oxygen, and 
growth modulators. In this microcosm of natural selection, these variables 
would favor cell cycle completion and lineage survival for only the “fittest” 
of genotypes and gene expression patterns. 
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Chapter 4 

Fatty Acids and Growth Regulation 



4.1. INTRODUCTION 

To this point, emphasis has been placed on the importance of aerobic 
and anaerobic glycolysis in the fueling of cell cycle progression, and the 
obligatory exclusion of mitochondrial fatty acid oxidation. Perhaps 
somewhat unjustly, this focus has painted fatty acids as a whole with a 
broad brush as either non-contributory to the process or, worse, 
deleterious. In fact, as will be discussed in the ensuing paragraphs, it is 
quite clear that fatty acids are essential to cell proliferation. Although 
unlike glucose in their exclusion from its energization, they are 
obligatory for membrane and eicosanoid biogenesis, and typically are 
synthesized de novo in proliferating cells, both normal and transformed. 
They also play an important modulatory role in the proliferative process, 
reflecting substantial differences among the subclasses of fatty acids. 
Their influence in this regard has been documented in several settings, 
discussed below, in which their distinctive effects on cell growth are 
directly related to corresponding differences in their metabolism. These 
differences are exemplified by the role of (n-6 fatty acids in growth 
promotion and in the biogenesis of membranes and eicosanoids, as 
contrasted with the propensity of to -3 fatty acids to undergo 
mitochondrial oxidation and inhibit growth, yet also to ameliorate 
intramitochondrial oxidative stress. The relationship between fatty acid 
metabolism and growth regulation is further highlighted by striking and 
unexpected parallels between host and tumor metabolism in cancer 
cachexia and the evolving metabolic patterns that characterize, and 
control, liver regeneration. 
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4.2. OMEGA-6 (co-6) FATTY ACIDS 

Early cell culture studies showed that linoleic acid (18:2, CO-6) and 
certain other unsaturated fatty acids stimulated the growth of rat 
mammary carcinoma and normal cells in culture, and accounted entirely 
for the growth stimulatory effect of serum 1 ' 3 . More recent evidence 
suggests that co-6 fatty acids increase ROS generation and activation of 
the transcriptional regulators NFkB and AP-1 in vitro 4 and in vivo 5 ' 6 . 
Although excessive levels of ROS result in cell injury, low/moderate levels 
may activate P13K/Akt/PKB signaling and thereby contribute in this 
manner to the linkage between ROS and cell growth discussed above (see 
Chapter 3.3.2.: Wingless/Wnt-Like Signaling: Convergence of 

Antecedents and the Unpredictable, and Chapter 7.4.2.2.: Paradoxical 
Benefits of Adversity). Other growth-related in vivo effects of fatty acids 
also have been demonstrated. Thus, fasting induced Jensen rat sarcoma 
growth ( 3 H-thymidine — 3 H-T — incorporation) within 7 hours 7 , 
paralleling increases in plasma free fatty acids (FFA), glycerol, ketone 
bodies, and triglycerides, single pass tumor uptake of which averaged 40- 
60% (ketone body uptake not quantified). Refeeding suppressed 3 H-T 
incorporation to control levels within 2 hours. The fasting response was 
attributed to an “adipose-derived nutrient”, consistent with its occurrence 
in adults but not young in which adipose tissue is sparse. Furthermore, in 
adult but not young rats, acute streptozotocin-induced diabetes mellitus 
increased 3 H-T incorporation in both Jensen sarcomas and Morris 
hepatomas 7288CTC within two to four hours; over the ensuing 3 days, 
tumor weight increased as host weight decreased 8 . Thus, contrasting 
effects on adult and young animals served to dissociate tumor growth 
from plasma glucose which decreased in all fasted and increased in all 
diabetic animals, and from plasma insulin which decreased in all diabetic 
animals. Tumor growth despite the antiproliferative effect of ketone 
bodies 9 ' 10 , and see below) suggests modulation of this effect by growth- 
promoting factors, e.g., demonstrated increases in plasma concentrations 
of glucose and 00-6 fatty acids. 

These studies were extended to in situ perfusion of 7288CTC Morris 
hepatomas in Buffalo rats with blood from variously treated donor 
animals 11 . Perfusion of tumors in fed rats with blood from starved 
animals (presumably FFA-rich) increased tumor 3 H-T incorporation, 
whereas perfusion of tumors in starved rats with normolipemic blood 
from fed donors suppressed 3 H-T incorporation. Based on reconstitution 
experiments, it was concluded that essential ou-6 fatty acids in the 
perfusate, i.e., linoleic (18:2, U)-6) and arachidonic (20:4, cu-6), were 
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“rate-limiting” for stimulation of tumor 3 H-T incorporation; the non- 
essential saturated and monounsaturated fatty acids were inactive. Single- 
pass FFA uptake was similar in Morris hepatomas 7288CTC and 7777 
and Jensen sarcomas 12 . Fasting also increased the number of mitoses in 
hepatocytes and pancreatic acinar cells in intact normal adult rats 13 ' 14 . In 
vitro stimulation of cell growth by linoleic acid (18:2, oj-6) was related to 
expression of liver fatty acid binding protein (L-FABP), expression of 
which is also increased during liver regeneration and in proliferating 
hyperplastic and neoplastic hepatocytes 15 ' 16 . 

The role of fatty acids in tumor growth was further elucidated in 
studies of two transplantable colon carcinomas, i.e., cachexia-inducing 
MAC-16 and cachexia-non-inducing MAC-13 1719 . Despite contrasting 
tumor effects on host nutrition, MAC-16- and MAC- 13-bearing animals 
exhibited similar in vitro fatty acid synthase activities and lipogenesis 
rates in liver, kidney, and epididymal fat, and whole body glucose 
oxidation rates. These findings argued against changes in host glycolysis 
and lipogenesis as the basis for cachexia in MAC- 16 mice. Whole body 
fatty acid oxidation, however, and 14 C-palmitate oxidation in liver and 
heart homogenates, were significantly greater in the cachexia-prone 
MAC- 16-bearing mice, consistent with increased expression of 
uncoupling proteins UCP1 in adipose tissue and UCP 2 and 3 in skeletal 
muscle 20 ; in contrast, lipid accumulated in the MAC- 16 tumor itself. This 
suggested that increased whole body fatty acid oxidation in MAC- 16- 
bearing mice reflected increased fatty acid oxidation in normal host 
tissues but not in the tumor. 

Consistent with this apparently low rate of fatty acid oxidation in the 
tumor, glucose utilization in both MAC- 13 and MAC- 16 tumors was 
high, and second only to that in host brain 18 . This metabolic pattern of 
the tumors was in marked contrast to that in normal tissues of the tumor- 
bearing host, which utilized glucose at lower rates and oxidized FFA at 
higher rates than those of non-tumor-bearing controls 18 . In MAC-16 
mice, the peroxisome proliferator bezafibrate accelerated both host 
weight loss and tumor growth 21 , the latter associated with increased FFA 
concentration in plasma and uptake by tumor. Bezafibrate had no effect 
on body weight or tumor growth in MAC- 13 mice. 

Dietary medium chain triglyceride (MCT) representing 80% of 
caloric intake ameliorated host weight loss and suppressed tumor growth, 
associated with elevated plasma ketone bodies and diminished long chain 
FFA as compared with controls 22 . Insulin administration also increased 
host weight, but unlike MCT enhanced tumor growth 9 . This adverse 
(tumor growth-enhancing) effect of insulin was reversed by (3- 
hydroxybutyrate, interpreted as suggesting that the anti-tumor effects of 
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MCT may have resulted from enhanced ketogenesis; the mechanism of 
the anti-tumor effect of ketone bodies was not defined. However, an 
inverse relationship has been demonstrated between hepatoma cell growth 
rate and the activity of (5-hydroxybutyrate dehydrogenase 10 ; this 
mitochondrial enzyme either converts P-hydroxybutyrate to acetoacetate, 
thereby initiating its subsequent fl-oxidation, or catalyzes the reverse 
reaction during ketogenesis. The apparent antiproliferative effect of 
ketone bodies 9 ' 10 may be mechanistically similar to that of short chain 
fatty acids (see Chapter 6.2.: Butyrate). 

Thus, in tumor-bearing mice, host utilization of glucose decreased 
while fatty acid utilization increased, as the host lost weight. The tumor, 
in contrast, preferentially oxidized glucose and gained weight. As 
discussed below, these contrasts between cancer and host metabolism also 
characterize the human cancer cachexia syndrome, and the sequence of 
changes in metabolism that take place during liver regeneration (see this 
Chapter 4.5.: Metabolic Interaction between Tumor and Host: Cancer 
Cachexia; Chapter 8: Liver Regeneration; and Fig. 4.1). 

Liver Regeneration Cancer Cachexia 

Cell proliferation 

FA oxidation (mito) 

Gluconeogensis 
Glycolysis 
FA synthesis 

Oxidative stress t i NA | 

AW m i T NA t 

ATP abundance 1 t 4 f 

Fig. 4.1. Contrasting patterns of intermediary metabolism in liver regeneration and 
cancer cachexia. In early liver regeneration and in hepatocytes in the setting of cancer 
cachexia, increased mitochondrial fatty acid oxidation is associated with increased 
gluconeogenesis and oxidative stress, and decreased AT^ and ATP. In contrast, in late 
regeneration (proliferative) hepatocytes and in cancer cells, glycolysis, A4L, ATP 
abundance, and fatty acid synthesis are increased, while fatty acid oxidation is suppressed. 
Under hypoxic conditions, glycolysis in normal and cancer cells is largely anaerobic, 
survival mechanisms are activated, and suppressed fatty acid oxidation implicit (see 
Chapter 3.3.1.: Aerobic Glycolysis, Mitochondrial Respiration, and Oxidative 

Phosphorylation). Abbreviations — A^: mitochondrial inner membrane potential; FA: 
fatty acid; NA: data not available. 
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4.3. OMEGA-3 (co-3) FATTY ACIDS 
4.3.1. Metabolic Effects 

co-3 Fatty acids modulate hepatocellular metabolism in vivo, in 
perfused liver, and in hepatocyte culture 23 . In general, dietary 
eicosapentaenoic acid (EPA — 20:5, co-3) and docosahexaenoic acid 
(DHA — 22:6, co-3) increase mitochondrial, and dose-dependently 
increase peroxisomal fatty acid oxidation 24 ' 26 . They also decrease plasma 
FFA 27 , hepatocellular incorporation of fatty acid into triacylglycerol (TG), 
secretion of TG and of apoB -containing lipoproteins, hepatocellular 
concentrations of TG 23 , and lipogenesis 24 ’ 25 . Independent of PPARa 28 , 
these effects result from preferential mitochondrial oxidation of co-3 fatty 
acids, especially EPA 29 , and increased ketogenesis, reflecting enhanced 
activity of the rate-determining enzyme CPT-I 30 and its diminished 
sensitivity to inhibition by malonyl CoA 24 ' 26 . Moreover, incorporation of 
dietary co-3 fatty acids into mitochondrial membrane lipids increases 
inner membrane proton leakage, thereby uncoupling oxidative 
phosphorylation, and attenuating A'Pj 1 . Despite the greater propensity of 
co-3 fatty acids to undergo mitochondrial (3-oxidation, therefore, their 
uncoupling effect suppresses intramitochondrial ROS generation 32 " 36 . 
This antioxidant property likely accounts for co-3 fatty acid-mediated 
protection against oxidative stress in human lymphocytes 37 , reduced 
expression of NFkB, inducible NOS, and proinflammatory genes in colon 
cancer cells 38 , and diminished macrophage ICAM-1 and scavenger 
receptor expression 39 (see also Chapter 6.4.: Salicylates and Other 
Nonsteroidal Anti-inflammatory Drugs, and Chapter 7: Fatty Acids and 
Mitochondria, Cell Growth and Injury: Broader Implications). 

Insulin increased the incorporation of fatty acids into perfusate 
lipoprotein TG by livers from rats fed co-6-rich safflower oil but not from 
those fed co-3-rich fish oil 25 , suggesting that mitochondrial fatty acid 
oxidation and ketogenesis, when utilizing co-3 fatty acids, were less 
subject to suppression by insulin. In isolated rat hepatocytes, 
mitochondrial oxidation of eicosapentaenoic acid (20:5, co-3) greatly 
exceeded that of arachidonic acid (20:4, co-6) 40 . In hamsters, the co-3 
fatty acid-induced decrease in TG biosynthesis was associated with 
decreased activity of both phosphatidate phosphohydrolase and 
diacylglycerol acyltransferase 41 , i.e., changes which would divert a 
proportionately greater fraction of esterified fatty acid away from TG 
biosynthesis and toward that of phospholipids. In primary rat hepatocyte 
cultures, EPA and DHA inhibited secretion of TG-rich apo-B-containing 
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lipoproteins and increased intracellular degradation of apoBlOO and 
apoB48 42 . 

Larger quantities of co-3 fatty acids in vivo 2426 - 43 or in cell culture 44 
increased hepatocellular TG accumulation and peroxisomal fatty acid 
oxidation; these effects were more prominent with DHA than EPA 27 - 29 - 45 - 46 - 
Decreases in plasma FFA were also observed 47 . Conversely, when 
relatively small amounts of EPA were fed, plasma TG decreased 27 ' 41 ' 46 ’ 
moreover, plasma TG levels were inversely related to CPT-1 activity and 
mitochondrial (3-oxidation, which increased without significant change in 
peroxisomal fatty acid p-oxidation 41 - 46 . 

4.3.2. Growth Effects 

CO-3 Fatty acids inhibit tumorigenesis and the growth of normal and 
transformed epithelial cells, compared with co-6 and other long chain 
fatty acids, in human subjects, as well as in human cell lines in culture and 
after implantation into nude mice^’^ ~ 54 . For example, feeding of fish oil 
((0-3 rich) to human volunteers diminished BrdU labelling, ornithine 
decarboxylase activity, and prostaglandin E 2 generation in normal rectal 
mucosa as compared with corn oil (co-6 rich) or placebo feeding 55 . 
Similar effects were observed on the 3 H-T labelling index of sporadic 
colorectal adenomas in subjects fed fish oil 56 , and on colorectal epithelial 
cell proliferation in patients with a history of colon polyp or stage 1 or 2 
colon carcinoma fed o>-3 fatty acids 57 . Phytohemagglutinin-induced 
monocyte proliferation and cytokine production ex vivo were inhibited in 
cells from normal subjects fed (0-3 fatty acid supplements 58 . Some 
studies of cells in culture (especially non-epithelial) have produced 
negative or equivocal results 59 ' 61 . 

Animal cell and tumor experiments have generated results similar to 
those obtained in the aforementioned human studies 62 ' 63 . Thus, in the in 
vivo perfused 7288CTC Morris hepatomas in Buffalo rats 64 , linoleic, 
arachidonic, and other (0-6 fatty acids stimulated 3 H-T incorporation, 
whereas the cn-3 fatty acids EPA and a-linolenic (18:3, (0-3) 

competitively inhibited both linoleic acid uptake by the tumor and its 
stimulation of 3 H-T incorporation. EPA blocked tumor growth and host 
cachexia in MAC- 16 colon carcinoma-bearing mice 65,66 , inhibited 
stimulation of adipose tissue lipolysis by a tumor-derived lipid- 
mobilizing factor 67 - 68 , and suppressed other adverse effects of cancer and 
cancer-derived cachexia-promoting factors, in vivo and in vitro (see this 
Chapter 4.5.: Metabolic Interaction between Tumor and Host: Cancer 
Cachexia). EPA also decreased cell proliferation in normal rat colon 69 
and liver 70 , in transplanted Morris hepatomas 70 , and in Solt-Farber 
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carcinogen-induced liver cancers 71 . A pre-operative fish oil diet 
decreased post-hepatectomy mitotic activity (BrdU incorporation) in 
hepatic acinar zones 1 and 2 by 60% 43 . co-3 Fatty acids inhibited 
transgenic PKCpII-induced murine colon carcinogenesis, and reversed 
PKCpil-mediated suppression of TGF(3RII, in vivo and in vitro 72 73 

Thus, the available data indicate that (0-3 fatty acids, especially EPA, 
increase mitochondrial fatty acid oxidation, decrease TG biosynthesis and 
VLDL secretion, and increase the intracellular degradation of apoB, as 
compared with other long chain fatty acids. The uncoupling action of ( 0 - 
3 fatty acids in feeding experiments likely reflects increased inner 
mitchondrial membrane proton permeability resulting from their 
incorporation into membrane lipids 31 ; the antioxidant effects of this and 
other uncoupling agents are discussed below (see Chapter 6.4.: Salicylates 
and Other Nonsteroidal Anti-inflammatory Drugs; and Chapter 7.3.: 
Origins of Intramitochondrial Oxidative Stress). However, the fact that 
metabolic effects are evident in short term in vitro studies of preparations 
from subjects fed control diets and in Hep G2 cells 26,74 , suggests that their 
distinctive metabolic characteristics also reflect properties of the 
unesterified fatty acids, i.e., independent of prior incorporation into 
membrane phospholipids. The CO -3 fatty acids, especially EPA, also 
inhibit the growth of normal and transformed epithelial cells, in contrast 
to the ( 0-6 fatty acids, especially linoleic, which promote growth. These 
effects are clearly associated with changes in cellular fatty acid 
metabolism. As EPA inhibits arachidonate utilization by prostaglandin H 
synthase (cyclooxygenase — COX1, COX2) and lipoxygenase 75 , 
differences in eicosanoid biosynthesis may contribute to these 
changes 76,77. 



4.4. FATTY ACIDS, MODULATION OF CELL 

GROWTH, AND THE AMP- ACTIVATED PROTEIN 
KINASE 

Consistent with the pattern of augmented glucose utilization and 
lipogenesis in tumor cells discussed above, cell lines derived from human 
breast, colorectal, and prostate cancers express fatty acid synthase and 
actively synthesize fatty acids de novo; inhibition of fatty acid synthase 
arrested tumor cell growth and induced apoptosis 78 " 80 . A similarly 
widespread expression and relationship to tumorigenesis has been 
described for C-FABP, the cutaneous isoform of FABP 81 . It is important 
to note that fatty acid synthesis requires increased acetyl CoA 
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Figure 4.2. Metabolism of fatty acids in rodent hepatocyte. Both mitochondrial and 
extramitochondrial FA oxidation pathways are transcriptionally activated by PPARa. 
Direct inhibition of carnitine palmitoyl transferase-I by malonyl CoA, cytokeratins 8 and 
18, or peroxisome proliferators favors diversion of FA toward esterification and 
extramitochondrial oxidation. Active AMPK abrogates both malonyl CoA-dependent and 
malonyl CoA-independent (cytokeratin-mediated) inhibition of CPT-I, thereby 
promoting mitochondrial fatty acid oxidation. Activation of the transcriptional regulator 
PPARa may reflect cellular abundance of FA. Abbreviations — AMPK: adenosine 
monophosphate-activated protein kinase; CPT-I: carnitine palmitoyltransferase-I; FA: 
fatty acid; FA-CoA: fatty acid-coenzyme A thioester; PL:glycerophosphatides; PPARa: 
peroxisome proliferator-activated receptor-a; TG: triacylglycerols; VLDL: very low 
density lipoproteins. 

carboxylase activity and malonyl CoA abundance. As a result, 
mitochondrial fatty acid oxidation is suppressed, reflecting inhibition of 
the rate-determining enzyme CPT-I by malonyl CoA 30 , as well as by 
malonyl CoA-independent mechanisms 82 ' 84 (Figs. 4.1 and 4.2). wg/Wnt- 
like activity also increases glucose utilization 85 and de novo lipogenesis; 
the latter has been demonstrated directly 86 , and is implied by cell 
proliferation (which requires fatty acids) in the absence of exogenous 
lipid 87 88- In addition, and in contrast to the antilipolytic effect of insulin, 
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HGF 89 and TNFa 90,91 augment serum FFA concentrations after partial 
hepatectomy (also, see Chapter 8.4.1.: Effects of Proinflammatory 

Cytokines: TNFa vs. Insulin). This reflects increased adipocyte lipolysis, 
thereby providing to the proliferating hepatocytes additional fatty acids, 
including the co-6 essential fatty acids which generate ROS and are 
utilized in membrane and eicosanoid biosynthesis (see this Chapter 
4.2.:Omega-6 (co-6) Fatty Acids). Interaction of acetyl CoA carboxylase 
with wild type but not mutant BRCA1 92 suggests that tumor suppression 
by BRCA1 may reflect in part control of lipogenesis. 

In addition to fatty acids, cell growth also depends on de novo 
biosynthesis of mevalonate, isoprenoids including sterols 93 " 95 , and 
phospholipid 96 . Although growth-related post-translational regulation of 
the fatty acid and isoprenoid/sterol biosynthetic pathways through the 
AMPK mechanism (see this Chapter 4.4.1.: AMP- Activated Protein 
Kinase) is well established 97 , coordinate transcriptional regulation of their 
respective genes, and those related to glycolysis, would also be 
advantageous, e.g., as mediated by the sterol regulatory element binding 
proteins (SREBPs) and by the oxysterol-activated liver X receptor 
(LXR) 98 " 100 Thus, the LXR-SREBPlc lipogenesis pathway is activated by 
insulin 99 101 104 and the key PI3K/Akt/PKB-mediated wg/Wnt-like signaling 
pathway 80 105 , and is inhibited by polyunsaturated fatty acids 106,107 and by 
the HIV-1 protease inhibitor indinavir 108 . Moreover, HGF-induced 
expression of the low density lipoprotein receptor gene in HepG2 cells 109 
would serve to enhance delivery to the cell of both fatty acids and sterols; 
this suggests that cell proliferation induced by HGF-initiated wg/Wnt-like 
signaling 110,111 is linked to the SRE/SREBP mechanism, which plays a 
major role in cellular regulation of both isoprenoid (including sterols) 
and fatty acid biosynthesis. Direct evidence for such linkages in tumor 
cells has been provided recently 80 ' 105 ' 112 ’ 113 . Moreover, recent evidence 
indicates that LXR, while activating GLUT4 expression and thereby 
supporting glycolysis and insulin responsiveness, suppresses the opposing 
(fatty acid oxidation-energized) pathway of gluconeogenesis 1 14 . 
Furthermore, LXR not only promotes lipogenesis via its interaction with 
SREBPlc, but also suppresses PPARa-mediated increases in fatty acid 
oxidation 115 ; (also, see Chapter 5.2.1.: PPARa). Together, these 

observations provide important support for the concept of coordinate 
linkage of glycolytic and lipogenic patterns of carbohydrate, fatty acid, 
and isoprenoid (sterol) regulation to cell proliferation. Additionally, a 
potentially critical role of these linkages in the atherosclerosis- 
suppressing effect of statin hypocholesterolemic agents is discussed below 
(Chapter 7.4.: Consequences of Intramitochondrial Oxidative Stress: 
Atherosclerosis and Beyond). 
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Figure 4.3. Glycolysis- and citric acid cycle-fueled biosynthesis of ATP and fatty acid; 
suppressed fatty acid oxidation and gluconeogenesis. This figure represents the 
predominant pattern of substrate utilization in proliferating cells; enclosed areas 
represent mitochondria. Arrow thickness approximates relative pathway activity; dotted 
lines: pathways that are suppressed during cell proliferation. Fatty acids also may be 
derived from plasma. Abbreviations — CPT-I: carnitine palmitoyltransferase-I (shown as 
inhibited by malonyl CoA); EMFO: extramitochondrial fatty acid oxidation (P-OXidation 
in peroxisomes, co- and to- 1 -oxidation in endoplasmic reticulum); F26BP: fructose-2, 6- 
bisphosphate; PEPCK: phosphoenolpyruvate carboxykinase; PE: glycerophosphatides; 
PPARa: peroxisome proliferator-activated receptor-a; TG: triacylglycerols; VLDL: very 
low density lipoproteins. 

Taken together, available evidence strongly suggests that non-fatty 
acid fuels, principally glucose, are utilized in cells undergoing mitosis 
(Figs. 4.1 and 4.3). This supports the obligatory increases in both energy 
generation and biosynthesis of fatty acids and sterols that characterize cell 
proliferation. To the extent that fatty acids and sterols can be obtained 
from plasma, consumption of ATP and diversion of carbohydrate-derived 
substrates away from ATP generation and toward lipogenesis are 
minimized. It is of interest in this context that while the mechanism 
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underlying the mitogenic and survival effects of lysophosphatidic acid 
(LPA) remains incompletely defined 116 , these effects are augmented by 
insulin 117 and mediated by Akt/PKB 118 . 

In any case, however, exogenous co -6 essential fatty acids, which 
generate growth-promoting ROS, eicosanoids, and membrane lipids, are 
required. As a corollary, fatty acids that most effectively inhibit cell 
growth, i.e., 0)-3, medium chain, and short chain (e.g., butyrate; see 
Chapter 6.2.) are those that most readily undergo mitochondrial 
oxidation, by attenuating (co-3) or circumventing (medium and short 
chain) a critical control point in the process, i.e., the physiological 
inhibition of CPT-I by malonyl CoA-dependent and malonyl CoA- 
independent mechanisms. The evidence that increased mitochondrial 
fatty acid oxidation is associated with growth inhibition implies that 
growth stimulation by essential 00-6 fatty acids reflects their utilization not 
as substrate for ATP generation but rather for the biogenesis of ROS, 
membranes, and eicosanoids and the synthesis of glycerophosphatides 
important in signal transduction 119 . 

4.4.1. AMP-Activated Protein Kinase 

A direct link among fatty acid and isoprenoid (e.g., sterol) 
biosynthesis, mitochondrial fatty acid oxidation, energy metabolism, and 
the regulation of cell growth is provided by the AMP-activated protein 
kinase (AMPK) 97 . AMPK is the mammalian homolog of the SNF1 gene 
product in yeast, a key determinant of growth arrest in response to 
glucose starvation. In mammals, AMPK is activated by increased [AMP] 
or [AMP]/[ATP]; in yeast, SNF1 is activated in association with, and 
possibly by, similar changes in adenine nucleotides 97 ' 120 . The active 
enzyme phosphorylates and inactivates the rate-determining steps in fatty 
acid and sterol biosynthesis, i.e., acetyl CoA carboxylase and (3-hydroxy- 
p-methyl-glutaryl CoA reductase (HMG CoA reductase), respectively, and 
in yeast arrests growth. 

Recent evidence indicates that AMPK plays a critical and central role 
in both malonyl CoA-dependent and malonyl CoA-independent 
regulation of CPT-I and, thus, mitochondrial fatty acid oxidation (Fig. 
4.2). Malonyl CoA-dependent regulation of CPT-I reflects the 
decreased cellular abundance of malonyl CoA that results from: 1) 
decreased malonyl CoA synthesis as the result of an inhibitory AMPK 
phosphorylation of acetyl CoA carboxylase 97 ; and 2) increased malonyl 
CoA degradation (in liver, adipose, and muscle) via AMPK-mediated 
activation of malonyl CoA decarboxylase 121 . The resulting drop in 
cellular abundance of malonyl CoA derepresses CPT-1 activity and thus 
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augments mitochondrial fatty acid oxidation 97 . Malonyl CoA- 
independent regulation of CPT-I reflects AMPK-mediated alteration of 
the interation between CPT-1 and intermediate filaments, specifically 
cytokeratins 8 and 18 82,83 . Active AMPK phosphorylates these 
cytoskeletal components, disrupting their mitochondrial connection and 
releasing CPT-I activity from the constraint that they otherwise impose. 
In addition, fatty acids of varied chain length lead to hepatocyte AMPK 
activation 122 . Thus, in a multifaceted stress-induced and antiproliferative 
cascade, fatty acids and/or altered adenine nucleotide balance activate 
AMPK; in turn, active AMPK augments mitochondrial fatty acid 
oxidation by suppressing both malonyl CoA-dependent and malonyl 

CoA-independent (cytokeratin-mediated) inhibition of CPT-I, and 
(glucose-dependent) lipogenesis. The resulting promotion of fatty acid 
oxidation by AMPK is additionally fostered in contracting cardiac 

myocytes through its activation of fatty acid translocase (FAT)/CD36- 

mediated fatty acid uptake 123 . It appears likely that these consequences of 
altered abundance of adenine nucleotides and fatty acids would have 
broad phylogenetic significance in the linkage of cell metabolism to cell 
proliferation, growth arrest, and apoptosis 97,120 124 (also, see Chapter 5.3.4.: 
Apoptosis and the Cell Cycle: Chronic Viral Hepatitis and Cancer). 

Moreover, AMPK mediation of mitochondrial fatty oxidation may be 
activated by leptin 125 ' 127 (also, see Chapter 7.3.: Origins of 

Intramitochondrial Oxidative Stress; and, 7.4.: Consequences of Oxidative 
Stress). This action may contribute importantly to leptin ’s systemic 
effects, including hypothalamic regulation of appetite and feeding 
behavior (see Chapter 12.4.3.: Fatty Acid Oxidation and Regulation of 
Feeding Behavior). Importantly, AMPK activation may be antagonized 
by insulin, in an adenine nucleotide-independent and PI3K-dependent 
manner 128 , and similarly is subject to modulation by other agents (see 
Chapter 5.3.4.: Apoptosis and the Cell Cycle). 

4.4.2. Stoichiometric Considerations 

It is useful to consider the stoichiometry of ATP generation in relation 
to utilization of glucose and fatty acids, and the influence of ketogenesis. 
During complete citric acid cycle-mediated oxidation of glucose to C0 2 
and HA the theoretical maximum net yield of ATP molecules per 
molecule of 0 2 consumed can be calculated to be 5.0 129 . The 

corresponding values for complete oxidation of glutamine as a 
respiratory substrate, reflecting its conversion to glutamate and entry into 
the citric acid cycle as 2-oxo-glutarate, can be calculated as 
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approximately 20-23 molecules of ATP per molecule of glutamine, or 
5.0 to 5.6 per 0 2 molecule 129 . 

In contrast, during complete oxidation of palmitate the theoretical 
maximum is 4.6 ATP molecules per molecule of 0 2 consumed, but the 
yield may be decreased in ketogenic cells by conversion of palmitate to 
ketone bodies, i.e., to 3.6 (complete conversion to acetoacetate) or 3.9 
(complete conversion to [3-hydroxy butyrate), and even further by long 
chain fatty acid-induced uncoupling of oxidative phosphorylation 130 ' 134 . 
Viewed from a different perspective, the theoretical potential net yield of 
106 ATP molecules derived per molecule of palmitate oxidized (complete 
oxidation, no ketogenesis, no uncoupling), would be reduced by more 
than 75% by complete conversion to ketone bodies, i.e., to 26 (all 
acetoacetate), or to 18 (all (3-hydroxybutyrate), and further diminished by 
the uncoupling effect. Moreover, control of CPT-I by malonyl CoA can 
be overridden by high fatty acid abundance 84 135 ' 138 and/or suppressed (in 
liver, adipose tissue, and skeletal muscle) by fatty acid- and/or AMPK- 
induced malonyl CoA decarboxylase expression 121 ' 139 . The resulting 
increase in mitochondrial fatty acid oxidation may augment “leakage” 
of electrons from the electron transport chain and generation of 0 2 , thus 
further diminishing the efficiency of fatty acids as fuel for oxidative 
phosphorylation. This unsuitability of fatty acid oxidation for support of 
cell proliferation may account in large part for the recent observation that 
cannabinoid receptor activation, which promotes astrocyte fatty acid 
oxidation and ketogenesis (see Chapter 13.4.: Fatty Acids, Antioxidant 
Defense, FIIV Dementia, and Cell Proliferation), inhibits growth of 
gliomas and skin tumors, and angiogenesis 140 . 

It is clear that mitochondrial oxidation of fatty acids, with or without 
ketogenesis, is energetically less efficient than is fueling of the citric acid 
cycle by either glycolysis or glutamine. For this reason, and because of 
the fatty acid requirement for membrane biogenesis, fatty acid oxidation 
as the basis for support of cell cycle-related energetics would be less 
favored in terms of survival. Significantly, enzymes controlling both the 
entry of glucose into the glycolytic pathway 141 ' 143 , and the entry of fatty 
acid into the mitochondrial |3-oxidation pathway 144 145 , are localized to the 
contact sites between inner and outer mitochondrial membranes (Fig. 
4.4). There, the VDAC complex links cytosol and mitochondrial matrix, 
permitting adenine nucleotide translocase-mediated transfer of ATP and 
ADP between these compartments. Fatty acids in excess perturb this 
critical regulatory locus by causing: 1) desoiption of hexokinase from 
the VDAC complex, thus further limiting utilization of glucose and 
favoring both opening of the permeability transition pore 141 and Bax- 
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Figure 4.4. Mitochondrial voltage-dependent anion channel (VDAC) components and 
relationship to electron transport chain; schematic representation. VDAC complex- 
mediated juxtaposition of hexokinase II and the adenine nucleotide translocase in 
proliferating cells optimizes energetics of glucose phosphorylation to glucose-6- 
phosphate and entry into the glycolytic pathway, leading to pyruvate formation. 
Detailed structural relationships remain incompletely defined (see Chapter 3.3.1.: 
Aerobic Glycolysis, Mitochondrial Respiration, and Oxidative Phosphorylation). 
Increased mitochondrial fatty acid oxidation inhibits glucose uptake, hexokinase, and 
pyruvate dehydrogenase, and predisposes to electron “leakage” from the electron 
transport chain; the latter results in one-electron reduction of oxygen and formation of 0 2 
and derivative ROS. Excess cellular fatty acids may disrupt hexokinase II, VDAC, and the 
contact sites. Unlike anti-apoptotic Bcl-2 family members, pro-apoptotic members may 
associate with, and perturb, the mitochondrial membrane after activation of the apoptotic 
cascade. Abbreviations — CYT C: cytochrome c; A'Pn,: inner mitochondrial membrane 
potential; 0 2 ’: superoxide anion; UBIQ: ubiquinone; ROS: reactive oxygen species; 
VDAC: voltage-dependent anion channel. With permission (see Fig. 3.4.) 

induced release of cytochrome c 146 ' 147: and 2) disruption of the contact 
sites themselves 148 . 

Evolutionary pressures for survival are likely to have favored not only 
maximal efficiency in energy generation, but also maximal precision in 
its control. The latter may be provided most effectively by an otherwise 
seemingly contradictory activation of opposing pathways. For example, 
whereas co-3 fatty acids inhibit transgenic PKCpII signaling 73 , non-to-3 
fatty acids activate certain isoforms of PKC 149 ' 151 . Similarly, expression of 
TGF|3, a growth inhibitor, is increased in hepatocytes at various stages 
during hepatic regeneration 152 ’ 153 , although TGFP receptor signaling is 
suppressed 154 . TGF(3 expression is also increased in many tumor cells 
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despite their accelerated growth 155 ' 156 . In addition, increases in cytosolic 
[Ca 2+ ] mediated by EGF and other growth factors lead to corresponding 
increases in mitochondrial [Ca 2+ ], thereby enhancing the activity of 
several citric acid cycle-related mitochondrial dehydrogenases (pyruvate, 
isocitrate, and 2-oxo-glutarate dehydrogenases). This favors glycolytic 
fueling of oxidative phosphorylation 157 , representing an important 
“effector arm” of Ca 2+ signaling. 

4.5. METABOLIC INTERACTION BETWEEN TUMOR 
AND HOST: CANCER CACHEXIA 

Cancer cachexia — the most frequent and obvious indication of the 
impact of tumor on host, and of their metabolic interaction — has been 
extensively reviewed 158-161 . Variable in its manifestations, it is generally 
characterized by progressive loss of fat and muscle, is largely unrelated to 
anorexia and unresponsive to nutritional supplementation, and is a major 
determinant of poor prognosis and mortality. In addition to its clinical 
significance, this syndrome provides insight into the metabolism of 
proliferating cells, in this case those comprising the malignant neoplasm. 

Hypotheses concerning the pathogenesis of this syndrome include 
increased resting energy expenditure, a starvation-like response, a 
parasite-like effect of the tumor on host nutrition, and an effect of 
proinflammatory cytokines, especially tumor necrosis factor-a (TNFa). 
However, various inconsistencies exclude each of these as a sole or 
dominant basis for the syndrome.. Recently, two cancer cachexia- 
associated factors have been demonstrated in the urine of patients with 
cancer cachexia and in the tumor and urine of cachectic MAC- 16 tumor- 
bearing mice 67 6S . They are not demonstrable in normal or tumor-bearing 
but non-cachectic patients or mice, nor in wasting related to trauma or 
sepsis. One of these, designated lipid-mobilizing factor (LMF), has an 
apparent molecular mass of 43 kDa 67 , has been further characterized as a 
Zn-a 2 -glycoprotein 68 , and has been shown to be structurally related to the 
class I major histocompatibility heavy chain 162 . When administered to 
normal mice, LMF rapidly induced adipose tissue lipolysis, and loss of 
muscle mass and body weight; in vitro it degraded skeletal muscle 
protein. The second cachexia-associated factor, designated proteolysis- 
inducing factor (PIF) 163 , has an apparent molecular mass of 24 kDa. PIF 
effects (0-3 fatty acid- (EPA)-suppressible apoptosis in murine myotubes 
in vitro 164 . In vivo, (0-3 fatty acids in high concentrations suppress the 
catabolic effects of both factors in mice 65 ' 66 ; their possible usefulness in 
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treatment of weight-losing pancreatic cancer patients is under 
investigation 165 . LMF and PIF may be important causes of cancer 
cachexia, and may provide further insight into its pathogenesis. 
Increased expression of uncoupling proteins may also contribute 20 . 

Metabolic disturbances in cachectic cancer patients often are similar to 
those associated with diabetes mellitus. Thus, they may resemble either 
the insulin resistance and increased insulin secretory response typical of 
type II, or the diminished fasting insulin levels, insulin sensitivity, and 
insulin response typical of type I. In either case, lipolysis and FFA 
mobilization are increased 166 ' 170 . Impaired synthesis and/or accelerated 
degradation of muscle protein leads to loss of lean body mass 160 ' 171 . 
Utilization of glucose by the tumor is often increased at a time when the 
host is glucose intolerant, the latter reflecting impaired glucose utilization 
in skeletal muscle and increased hepatic glucose production 166 ' 169 ' 172 . In 
type II diabetes mellitus, increased adipocyte release of TNFa 173 and FFA 
leads to impaired insulin regulation of both peripheral glucose utilization 
and hepatic glucose production 30 174 ' 181 , and it is likely that these factors 
would contribute to the similar insulin resistance that characterizes cancer 
cachexia. In contrast to this more general pattern, some patients with 
hepatocellular carcinoma and severe hypoglycemia may occupy a 
metabolically intermediate position between fasting and maximal 
insulinization, reflecting circulation of variant insulin-like growth factor- 
II peptides 182 ’ 183 . 

At a cellular level, the metabolic interaction between tumor and host is 
reflected to a large extent by competition between substrates for 
mitochondrial oxidation, i.e., fatty acids vs. pyruvate, the latter generated 
via glycolysis or derived from lactate or deamination of alanine. 
Mitochondrial oxidation of pyruvate depends on pyruvate 

dehydrogenase 184 , activity of which is inhibited by fatty acid oxidation- 
induced increases in the ratios acetyl CoA/CoA, NADH/NAD, and 
ATP/ADP in the mitochondrial matrix. Increased cellular lipid and 
mitochondrial fatty acid oxidation in host tissues 184 ' 185 inhibit glucose 
uptake, glycolysis, and pyruvate dehydrogenase, contributing to insulin 
resistance^ , and driving increased gluconeogenesis in liver and 

kidney (Figs. 4.1 and 4.5). Further evidence of inefficiency in host 
energetics is provided by the increased expression of host tissue 
uncoupling proteins in the MAC 16 mouse colon cancer model 20 . 

I QO 1 OQ 

Significantly, hepatocellular ATP is diminished in cancer cachexia 
This perhaps unexpected finding also characterizes another systemic 
catabolic crisis in which increased FFA mobilization and a fatty acid 
oxidation-fueled gluconeogenic response are activated, namely, the 
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Figure 4.5. Fatty acid oxidation and gluconeogenesis; suppressed glycolysis and fatty 
acid synthesis. Enclosed areas represent mitochondria. This pattern of substrate 
utilization is antiproliferative. Arrow thickness approximates relative pathway activity; 
dotted line: pathway suppressed during growth arrest. Numbers in parentheses indicate 
approximate yields of ATP from complete oxidation of palmitate (-100), compared (in a 
ketogenic cell, e.g., hepatocyte) with complete diversion to ketogenesis (-20). Fatty 
acids activate PPARa, transcriptionally upregulating both mitochondrial and 
extramitochondrial fatty acid oxidation. When present in excess, fatty acids may override 
malonyl CoA inhibition of CPT-I. Abbreviations — ATP: adenosine triphosphate; CPT- 
I: carnitine palmitoyltransferase-I; EMFO: extramitochondrial fatty acid oxidation (fi- 
oxidation in peroxisomes, CO- and CO- 1 -oxidation in endoplasmic reticulum); F26BP: 
fructose-2, 6-bisphosphate; PEPCK: phosphoenolpyruvate carboxykinase; PL: 

phospholipids, i.e., glycerophosphatides; PPARa: peroxisome proliferator-activated 
rcceptor-a; TG: triacylglycerols; VLDL: very low density lipoproteins. 

several hour-long period that immediately follows 70% hepatectomy (see 
Fig. 4.1 and Chapter 8: Liver Regeneration). 

The substantial differences in nutrient utilization between host liver 
and tumor (Fig. 4.1) suggest that tumor growth requirements are well 
served by cancer cachexia-enhanced lipolysis in adipose tissue and 
release of amino acids from muscle. Thus, the resulting increases in 
plasma [FFA] and [TNFa] contribute to insulin resistance in host tissues 
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by inhibiting systemic glucose utilization and promoting hepatic and 
renal gluconeogenesis. This increases the availability to the tumor of 
both glucose (for energy and the biosynthesis of fatty acids and 
isoprenoids), and fatty acids (for membrane and eicosanoid biogenesis). 
Increased amino acid release into plasma would contribute to tumor cell 
protein biosynthesis and in some instances energy metabolism 
(glutamine), as well as to host gluconeogenesis (alanine and glutamine). 
Tumor cell proliferation and its relative growth advantage, therefore, are 
supported at the expense to the host of both substrate and energy, the 
latter “wastefully” expended both by its consumption in support of 
gluconeogenesis and by the relative inefficiency of augmented fatty acid- 
dependent mitochondrial energy generation. 
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Chapter 5 

Mitochondrial Function in Cell Growth and 
Death 



5.1. INTRODUCTION 

The evidence considered thus far strongly suggests that the pivotal role 
of mitochondria in regulation of cell growth and cell death is characterized 
by contrasting changes in mitochondrial substrate oxidation and energetics. 
Thus, mitosis-associated increases in AW m and oxidative phosphorylation are 
fueled by aerobic glycolysis or glutamine; under hypoxic conditions, ATP is 
generated primarily in cytosol by anaerobic glycolysis. In either case, fatty 
acid oxidation is suppressed in the “average” individual mitochondrial 
organelle, permitting activation of glycolysis and the numerous biosynthetic, 
translocational, signaling, and regulatory processes required in growth, 
including fatty acid and sterol biosynthesis. The evidence discussed in the 
following paragraphs suggests that similar conditions are fostered in the 
rodent hepatocyte proliferative response to xenobiotic peroxisome 
proliferators. In the evolution of programmed cell death (apoptosis), in 
contrast, the central role played by mitochondria leads to compromised 
energetics, including decreases in A'Fp, and [ATP]/[AMP], increased ROS, 
and activation of lytic enzymes (caspases). In addition, endogenous and 
xenobiotic agents of growth arrest (discussed in Chapter 6: Metabolic 
Effects of Antiproliferative Agents) increase mitochondrial fatty acid 
oxidation, absolutely and/or relative to ATP synthesis, precluding 
mitochondrial energetic and redox conditions that would support mitosis. 
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5.2. PEROXISOME PROLIFERATOR ACTIVATED 
RECEPTORS (PPAR) AND LIGANDS: 
MITOCHONDRIAL REDOX, MACROPHAGES, 
AND MITOSIS 

5.2.1. PPARa 

PPARa is a member of the nuclear receptor superfamily 10 . Its 
activator/ligands are chemically heterogeneous, and include the fibrate class 
of hypolipidemic agents and phthalate ester plasticizers. The fibrates 
immediately inhibit mitochondrial CPT-I 67 (Fig. 5.1), and activate PPARa 
in the hepatocyte and other cells in which it is expressed, PPARa 
heterodimerization with the retinoid X receptor-a (RXRa) is required for 
subsequent transcriptional activation of genes the promoters of which 
contain a peroxisome proliferator response element (PPRE) 8 . Among these 
are genes that encode enzymes of mitochondrial and extramitochondrial 
fatty acid oxidation, including cytochrome P450 4A-mediated w-oxidation in 
the SER, mitochondrial and H 2 0 2 -generating peroxisomal P-oxidation, and 
liver fatty acid binding protein (L-FABP). Significantly, malic enzyme, a 
key contributor to fatty acid biosynthesis, is also induced by PPARa 9 . In 
primary hepatocytes, long-chain dicarboxylic acid products of a)-oxidation 
are activators of PPARa-mediated upregulation of peroxisomal p-oxidation 
and L-FABP 10 ’ 11 . 

In vivo, transcriptional activation begins within approximately 1 hr after 
administration of peroxisome proliferators to rodents 12 ; increases in 
abundance of cognate mRNAs and in activity of enzymes of fatty acid 
oxidation can be demonstrated in vitro within 24 hours 1011 . In parallel with 
these effects on fatty acid oxidation, increases in expression of cell cycle- 
related proteins 13 and accelerated hepatocyte mitosis also begin within 24 
hr 14 " 20 , progressing from periportal zone I to pericentral zone III of the 
hepatic acinus 17 , i.e., a sequence similar to that observed during liver 
regeneration 21 . Notably, hepatocyte proliferation initiated by peroxisome 
proliferators is less regularly associated with increased expression of 
immediate early genes and proinflammatory cytokines than is that which 
follows 70% hepatectomy 19 . Consistent with this, Kupffer cell 
proinflammatory cytokine production plays a significant role in regenerative 
mitosis 22 " 26 , but appears to be less important in the mitotic response to 
peroxisome proliferators 27 and/or involves alternative cytokine mediators, 
e.g., interleukin- 1 (IL-1) and/or IL-6 rather than TNFa 2S . These differences 
in hepatocellular proliferative response to peroxisome proliferators and 
hepatectomy appear to reflect corresponding differences in FFA 
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Figure 5.1. Metabolism of fatty acids in rodent hepatocyte. Both mitochondrial and 
extramitochondrial FA oxidation pathways are transcriptionally activated by PPARa. Direct 
inhibition of carnitine palmitoyl transferase-I by malonyl CoA, cytokeratins 8 and 18, or 
peroxisome proliferators favors diversion of FA toward esterification and extramitochondrial 
oxidation. Active AMPK abrogates both malonyl CoA-dependent and malonyl CoA- 
independent (cytokeratin-mediated) inhibition of CPT-I, thereby promoting mitochondrial 
fatty acid oxidation. Activation of the transcriptional regulator PPARa may reflect cellular 
abundance of FA. Abbreviations — AMPK: adenosine monophosphate-activated protein 
kinase; CPT-I: carnitine palmitoyltransferase-I; FA: fatty acid; FA-CoA: fatty acid-coenzyme 
A thioester; PL: glycerophosphatides: PPARa: peroxisome proliferator-activated receptor-a; 
TG: triacylglycerols; VLDL: very low density lipoproteins. 

mobilization (see below). The duration of the initial increase in hepatocyte 
mitosis depends on the particular peroxisome proliferator used, but in 
rodents sustained administration of all eventuates in hepatocellular 
carcinoma; this process, and the hepatocellular proliferative response that 
follows partial hepatectomy, are also PPARa-dependent' y '. Significantly, 
peroxisome proliferators not only induce mitosis but also may suppress 
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Cloflbrate, a rodent hepatocyte mitogen 





Extramitochondrial 
FA Oxidation 
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Figure 5.2. Growth modulator regulation of rodent hepatocyte fatty acid oxidation. 
Pathway arrow thickness approximates relative activity. Top: Inhibition of CPT-I. and thus 
mitochondrial fatty acid oxidation and ketogenesis, by the peroxisome proliferator clofibrate. 
Although cellular mitochondrial fatty acid oxidation increases absolutely, the fatty acid 
burden is diminished relative to an increased mitochondrial oxidative capacity; PPARa- 
mediated extramitochondrial FA oxidation is relatively enhanced. Bottom: Augmentation of 
mitochondrial fatty acid oxidation and ketogenesis by butyrate, with relative suppression of 
extramitochondrial FA oxidation. Abbreviations — CPT-I: carnitine palmitoyltransferase-I; 
FA: fatty acid; PPARa: peroxisome proliferator-activated receptor-a. 

hepatocyte apoptosis, both spontaneous and induced by diverse agents 
including TGF(5, DNA damage, and Fas ligation 32 . 

Long chain fatty acids are activator ligands of PPARa 5 ' 33 ' 34 , while 
evidence that the peroxisome proliferators themselves are direct activators 
has been less conclusive 1 ' 3 . Activation of PPARa by 8(S)- 
hydroxyeicosatetraenoic acid ’ and WY 1 4,643 ' has been reported, 
whereas evidence pertaining to leukotriene B4 is conflicting 33 ' 35 . However, a 
leading interpretation is that, by inhibiting CPT-I 6, 1 , peroxisome proliferators 
induce extramitochondrial cellular fatty acid overload (Figs. 5.1 and 5.2), 
which in turn activates PPARa 2 This concept is consistent with the 
observation that hepatocellular fatty acid overload in the absence of 
xenobiotic peroxisome proliferators, e.g., resulting from high fat diet, 
diabetes mellitus, and starvation, is also associated with activation of 
PPARa-responsive genes 39 ' 42 . Thus, although certain eicosanoids and 
xenobiotic peroxisome proliferators theoretically could activate PPARa by 
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dual mechanisms, i.e., directly as activator ligands and indirectly by 
perturbing cellular fatty acid metabolism, it is unclear for some of these 
agents that their cellular concentrations in vivo are adequate to permit direct 
activation. In contrast, cellular fatty acids themselves are clearly sufficient, 
and in most circumstances necessary, for PPARa activation 10 ’ 11 ' 43 . In any 
case, recent evidence indicates that activation of transcriptional regulation by 
PPARs requires in addition their interaction with the respective FABP- 
ligand complexes 44 ' 45 , and that PPARa association with ligand prevents 
PPARa ubiquitination and proteosomal degradation 46 . Activities of PPARa 
and PPARy are subject to regulation by phosphorylation 47 " 49 (see below, and 
Chapter 5.2.2.: PPARy). 

How do peroxisome proliferators induce PPARa-dependent hepatocyte 
mitosis and, if fatty acid-driven, why does it not also result from fatty acid 
overload associated with high fat diet, diabetes mellitus, or starvation? An 
explanation for the mitogenic effect of the peroxisome proliferators, for its 
absence in other hepatocyte fatty acid overload states, and for the differences 
in immediate early gene and inflammatory cytokine expression between 
peroxisome proliferator- and hepatectomy-induced hepatocyte proliferation, 
may reside in the striking differences in mitochondrial fatty acid oxidation 
that characterize these circumstances. 

Inhibition of CPT-I by xenobiotic peroxisome proliferators effects a 
relatively extramitochondrial partitioning of cellular fatty acids, restricting 
fatty acid entry into an expanding mitochondrial compartment the oxidative 
capacity of which is also increasing, as occurs in proliferating cells in the 
absence of peroxisome proliferators 50 . As a result, although the rate of 
mitochondrial fatty acid oxidation by the cell as a whole may increase 
absolutely, it is diminished in relation to an augmented mitochondrial 
oxidative capacity and citric acid cycle activity 51 . Indeed, expression of 
PPARa itself is inhibited by HIFla/ARNT under hypoxic conditions 52 (also, 
see Chapter 3.3.1.: Aerobic Glycolysis, Mitochondrial Respiration, and 
Oxidative Phosphorylation). Accordingly, peroxisome proliferators decrease 
mitochondrial matrix reducing potential (reflected in the ratio of [(3- 
hydroxybutyrate] to [acetoacetate]), e.g., in human subjects under controlled 
experimental conditions 53 , in perfused livers prepared from peroxisome 
proliferator-pretreated rats 54 ’ 55 and in hepatocyte cultures exposed to these 
agents in vitro only 56 . This redox shift, by diminishing otherwise excessive 
intramitochondrial generation of ROS, fosters an insulin-like enhancement 
of glycolysis, pyruvate dehydrogenase activity, lipogenesis, and A'P.j' 7 . 
Moreover, the mitogenic effect of insulin includes a MAPK-dependent 
phosphorylation of PPARs, enhancing the transcriptional activity of PPARa 
while inhibiting that of PPARy 4X . 
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Together, these favorable changes in intramitochondrial redox status 
reflect a decrease in fatty acid oxidation relative to mitochondrial oxidative 
capacity. This would provide at least a partial explanation for PPARa 
activator-induced decreases in cellular oxidative stress, NFkB signaling, and 
proinflammatory cytokine production in aging mice 58 , for decreases in 
endothelial cell expression of NFkB and vascular cell adhesion molecule- 1 59 , 
and for suppression of experimental atherosclerosis 60 ' 61 . They may also 
account for the above noted observation that peroxisome proliferators induce 
a lesser hepatic NFkB and proinflammatory cytokine repsonse than does 
partial hepatectomy 19 ; in the latter, greatly increased FFA flux subjects both 
hepatocytes and Kupffer cells to augmented fatty acid oxidation and 
oxidative stress (see Chapter 8: Metabolism and Gene Expression in Liver 
Regeneration). Furthermore, these direct effects of FFA-induced oxidative 
stress after partial hepatectomy may provide an explanation for the greater 
dependence of hepatocellular mitosis on macrophage (Kupffer cell) NFkB 
activation and TNFa production in that setting, as compared with mitosis 
induced by peroxisome proliferators-"- ’ ' . Decreased intramitochondrial 
oxidative stress not only contributes to diminished NFkB activation, but may 
also increase IkB« expression 62 . 

The effects of PPAR activation on macrophage function and survival are 
complex. PPARa expression was not detected in Kupffer cells 25 , suggesting 
that peroxisome proliferator-induced changes in Kupffer cell fatty acid 
metabolism and TNFa secretion are PPARa-independent 22 2426 - In the 
arterial wall, in contrast, monocyte-derived macrophages express both 

49 63 64 

PPARa and PPAR 7 . In these key celluar determinants of the evolution 
of the atherosclerotic lesion, mechanisms otherwise similar to those utilized 
in Kupffer cells appear to be involved in the generation of proinflammatory 
cytokines in response to lipid overload 49 ' 59 ' 63 " 69 . Further evidence in support 
of the importance of a mitochondrial origin of ROS in macrophages is 
provided in dramatic fashion by the inverse relationship between ROS 
generation and expression of uncoupling proteins (UCP), which dissipate 
intramitochondrial ROS and oxidative stress (see Chapter 6.4.: Salicylates 
and other Nonsteroidal Anti-Inflammatory Drugs). Thus, deletion of UCP 
expression in macrophages augments both ROS generation and killing of 
parasites™. Moreover, deletion of the adipocyte FABP isoform aP2, 
normally expressed in macrophages, is protective against atherosclerosis 71,72 
(also, see Chapter 7.4.: Consequences of Intramitochondrial Oxidative 
Stress: Atherosclerosis and Beyond). PPARa is also expressed in murine T 
and B lymphocytes 73 , implying its possible role in immune regulation. 

In contrast to the compartmentalizing effects of peroxisome proliferators 
on intracellular fatty acid distribution and utilization, an absolute increase in 
cellular fatty acid load (e.g., resulting from elevated plasma [FFA] associated 
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with high fat diet, obesity, insulin resistance, diabetes mellitus, or 
starvation), may be sufficient, per se, to drive accelerated mitochondrial fatty 
acid oxidation 74 . In addition to the absence of CPT-I inhibition by a 
xenobiotic peroxisome proliferator, this may reflect fatty acid override of 
physiological CPT-I control 75 " 79 , likely attributable at least in part to fatty 
acid-induced changes in mitochondrial membrane physical properties 79 " 81 . 
As a result, states of fatty acid excess may exert an inhibitory effect on 
proliferation of normal cells through the combined effects of: 1) sustained 
and excessive increases in mitochondrial matrix reducing potential, ROS 
generation (oxidative stress), and (in hepatocytes and astrocytes) 
ketogenesis; 2) fatty acid inhibition of glycolysis and of the key citric acid 
cycle-related enzymes pyruvate dehydrogenase and 2-oxo-glutarate 
dehydrogenase 82 , and inhibition of the latter by ROS 83 ; 3) fatty acid 
inhibition of PI3K-mediated insulin signaling (and likely wg/Wnt-like 
signaling generally) 74 ' 84-91 ; and 4) relatively weak uncoupling of oxidative 
phosphorylation by underivatized fatty acids, compromising AV„ 92 These 
consequences of increased mitochondrial exposure to and oxidation of fatty 
acids are diametrically opposed to the conditions required for cell 
proliferation, and to the growth-promoting effects of peroxisome 
proliferators and insulin. Moreover, they closely resemble the changes 
induced by certain growth inhibitors as discussed below (see this Chapter 
5.3.4.: Apoptosis and the Cell Cycle: Chronic Viral Hepatitis and Cancer; 
Chapter 6: Metabolic Effects of Antiproliferative Agents; and. Chapter 7: 
Fatty Acids and Mitochondria, Cell Growth and Injury: Broader 
Implications). In addition to increasing mitochondrial ROS generation, fatty 
acid excess may augment ROS-generating peroxisomal fatty acid |3- 
oxidation. 

It is clear that administration of fibrate hypolipidemic agents does not 
elicit in human subjects peroxisomal responses that are quantitatively similar 
to those in rodents 97 " 99 , despite the fact that PPARa is expressed in human 
liver. These differences may reflect lower PPARa abundance 98100 and/or 
potentially inactivating differences in the signaling pathway 97 ' 99 . 
Nevertheless, human PPARa does participate in the regulation of gene 
expression in response to fibrates, in both liver 101 and HepG2 cells 102 , and in 
clinical studies is clearly implicated in the induction of significant changes 
in mitochondrial fatty acid oxidation, redox potential, and ketogenesis as 
discussed above 53 . As noted, putative PPARa ligands may also act 
independently of PPARa, e.g., by inhibiting CPT-I 6 ' 7 or inducing 
lymphocyte IL-4 expression 103 . 
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5.2.2. PPARy 

In contrast to the proliferative effects of PPARa, PPARy promotes cell 
differentiation and is generally antiproliferative, as demonstrated by its 
central role in adipocyte differentiation and the effects of PPARy 
activator/ligands on growth of cancer cell lines and experimental tumors in 
vivo. In vivo, the PPARy-RXRa heterodimer appears to be activated as a 
transcriptional regulator by certain fatty acids and eicosanoids. In addition 
to its abundant expression in adipose tissue and its importance in adipocyte 
differentiation, PPARy is expressed in many other tissues, including 
macrophages and colonic epithelium, and it contributes to the pathogenesis 
of the endothelial lesion of atherosclerosis (see Chapter 7.4.1.: 
Atherosclerosis and Arterial Hypertension). Consistent with its suppression 
of macrophage activation and pro-inflammatory cytokine expression 68 ' 104 , 
and its perceived normal role as a mediator of cell differentiation, PPARy 
expression in Caco-2 cells is induced by the antiproliferative short chain 
fatty acid butyrate 105 , and in monocytes is regulated by TGFp 106 . Also 
consistent with its antiproliferative effect, PPARy coactivators- la and -ip 
augment mitochondrial oxidation and, variably, gluconeogenesis and 
Forkhead, in diverse tissues 107 ’ 108 (also, see Chapter 7.4.2.: Adverse Effects 
of Fatty Acid Oxidation-Induced ROS in Various Organs). 
Activator/ligands of PPARy supppressed transcriptional activation of COX- 
2 109 and proinflammatory cytokines 110 . PPARy ligands also induced 
differentiation or decreased growth, in vitro or in vivo, of cells derived from 
human liposarcomas 111 , cancers of the breast and prostate 112 " 114 , and 
colon 115, ll6 ; despite these significant observations, a preliminary phase II trial 
of troglitazone treatment of breast cancer was negative 117 , PPARy-induced 
growth arrest and/or apoptosis in part reflect impaired cell cycle 
regulation 118119 and/or inhibition of tumor angiogenesis 120 . 

Surprisingly, however, the thiazolidinedione PPARy activator/ligands 
enhanced rather than suppressed the formation of colon polyps 121 and 
tumors 122 in Apc Min/+ mice, which bear an Ape mutation predisposing to 
tumorigenesis in this murine model of familial adenomatous polyposis. In 
the latter study, P-catenin levels were increased in Apc Min/+ mouse colon by 
PPARy activation while cyclooxygenase-2 (COX2) levels were unaffected. 
The opposite responses reported between these two studies and those cited in 
the previous paragraph possibly reflect unique characteristics of the Apc Min/+ 
mouse model, such as tumor-associated phosphorylation-dependent 
differences in PPARy activity 48 ' 123,124 , or relative insensitivity to PPARy 
because of pre-existing Ape pathway defects 125 . In two studies in which the 
human colon cancer cell line HT 29 was used, expression of PPARy was 
increased 116 , and PPARy activation induced an increase in P-catenin 122 . The 
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Figure 5.3. Apoptosis: interaction of mitochondria and plasma membrane receptors. Mito- 
chondrial- and receptor-initiated pathways converge at caspase 3. Yellow lines indicate 
membrane receptor signaling-initiated effects on mitochondria. Red lines indicate primary 
mitochondrial events and their effects on Fas and/or the membrane receptor-activated caspase 
cascade; the dashed line indicates an hypothesized mitochondrial mediation of at least some 
instances of Fas ligand-independent Fas activation (with or without Fas trimerization). AIF 
may exert pro-apoptotic effects in both cytoplasm and nucleus. Abbreviations — AIF: 
apoptosis-inducing factor; APAF-1: apoptosis protease-activating factor- 1; Bcl-2 family 
members: Bcl-2 (anti-apoptotic). Bid (pro-apoptotic); Fas, FasR: Fas receptor (CD95); ROS: 
reactive oxygen species; TNF: tumor necrosis factor; TNFR-1: tumor necrosis factor 
receptor-1; UVB: ultraviolet B light (X = 280-320 nm). Reproduced with permission 148 . 
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effect of thiazolidinediones on HT 29 cell growth was not described in either 
report, but subsequently were shown to induce apoptosis in this cell line 126 . 

Recent findings provide insight and raise new questions concerning these 
PPARy-mediated antiproliferative effects. Thus, troglitazone, and the 
natural PPARy ligand 15-deoxy-A 12 l4 -prostaglandin J 2 , (15d-PGJ 2 ) may 
produce similar effects independent of PPARy itself 110 ' 127 ' 131 . The 
mechanism is not known. However, the role of 15d-PGJ 2 as an activator 
ligand of PPARy in vivo has been questioned 132 . In addition, troglitazone 
posses a quinone-like function which could contribute to its demonstrated 
ROS scavenging activity 133 or, under different conditions, to an 
apoptotic/antiproliferative effect analogous to that of menadione 134 . 

5.2.3. PPAR5 

A third PPAR, i.e., PPAR8 (synonymously PPARji), an Apc- 
suppressible, Tcf/|3-catenin-induced component in wg/Wnt-like signaling, 
has been implicated in the regulation of lipid metabolism and cell 
proliferation 135 138 , and as a target for NSAID-induced growth 
inhibition 135,136,138 .(see Chapter 6.4.: Salicylates and Other Nonsteroidal Anti- 
Inflammatory Drugs). Its expression, and that of COX-2, are increased in 
endometrial carcinoma 139 . PPAR6 is important in terminal adipocyte 
differentiation as an inducer of PPARy expression 140 ; it also regulates 
macrophage lipid accumulation 141 , and modulates PPARa and PPARy 
activity 142 . Like PPARy, PPAR8 is also expressed in colonocytes in which 
its function, while unknown 136 , appears to be unrelated to cancer 143 . 

5.3. MITOCHONDRIAL FUNCTION IN APOPTOSIS 

In addition to the importance of A W m and ATP generation in cell 
proliferation, mitochondria are also involved at the opposite extreme of the 
growth spectrum, i.e., apoptosis, or programmed cell death 144 " 148 . 
Understanding of this complex process is evolving rapidly; it may be 
initiated by several different events and may proceed via at least two major 
pathways; it often involves shifts in Ca 2+ homeostasis 149 . Following is a brief 
discussion of necessarily selected evidence concerning the relationship of 
mitochondrial function to the overall process of apoptosis (Fig. 5.3 - facing 
this page). 

The major cell components involved in apoptosis include: 1) members of 
the TNF cell surface receptor family, especially TNF receptor 1 (TNFR1) 
and Fas; 2) mitochondria; 3) pro- and anti-apoptotic members of the Bcl-2 
protein family, the role of which is understandable to a large extent in terms 
of their mitochondrial effects; and 4) a group of cysteine proteases 
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(“caspases”) which cleave substrates at specific aspartate residues. The 
death program begins either with a disturbance of mitochondrial function or 
with activation (usually involving trimerization) of TNFR1, Fas, or other 
TNFR family members by their respective ligands, e.g., TNFa and Fas 
ligand (FasL). As the apoptotic process evolves in a given cell, both 
mitochondria and surface receptors usually participate. Importantly, 
alternative TNFR1 signaling pathways 150 may activate PI3K/Akt/PKB- and 
NFicB-mediated cell survival mechanisms 151154 . As PI3K/Akt/PKB 
signaling is subject to inhibition by fatty acids 74 ' 84 " 91 ' 155 " 157 , selection between 
these opposing TNFR1 signaling alternatives may reflect at least in part the 
status of cellular fatty acid metabolism (see Chapter 3.3.2.: Wingless/Wnt- 
Like Signaling: Convergence of Antecedents and the Unpredictable; and, 
Chapter 8.4.1.: Effects of Proinflammatory Cytokines: TNFa vs. Insulin). 
Fas signaling may also initiate survival signaling under certain conditions 158 . 

When apoptosis is initiated at the cell surface, mitochondria may become 
involved through activation (truncation) of the pro-apoptotic Bcl-2 family 
member Bid by caspase 8 159 , cleavage of the anti-apoptotic Bcl-2 (or Bcl-xL, 
presumably) to a pro-apoptotic form by caspase 3 160 (Fig. 5.3 - facing page 
85), or via activation of NO synthase and thus NO-mediated inhibition of 
mitochondrial respiration 11 ’ 1 . When apoptosis is initated at the mitochondria, 
it frequently reflects intramitochondrial generation of oxidative stress, e.g., 
resulting from disruption of the electron transport chain by chemical or 
physical agents 146162 or ischemia/reperfusion injury. Depending on its 
severity, intramitochondrial oxidative stress may initiate an extremely rapid 
apoptotic sequence 163 , or may be associated with growth arrest, e.g., as 
occurs prior to the onset of mitosis that follows partial hepatectomy (see 
Chapter 8: Metabolism and Gene Expression in Liver Regeneration). 
Irrespective of whether mitochondrial participation in apoptosis is primary, 
or secondary to TNFRl/Fas activation, it frequently is characterized by 
conversion of the VDAC complex (Fig. 5.4) to the permeability transition 
pore, with collapse of AT^, the latter often preceded by early and transient 
hyperpolarization 164 . Formation of the permeability transition pore, an early 
event in dexamethasone-induced lymphocyte or thymocyte apoptosis 146 ' 165 ' 166 , 
is usually associated with decreased intramitochondrial thiols 167 and 
increased oxidative stress. 

These changes are generally linked to the release from mitochondrial 
intermembrane space of procaspases 2, 3, 8, and 9 168 ' 169 , anc [ caspase- 
activating proteins including the second mitochondrial activator of caspases 
(Smac/Diablo) 170 , and cytochrome c 171 ; intramitochondrial localization of 
procaspases has been questioned recently 172 . Procaspase 2 is widely 
distributed within the cell and, upon activation, may promote release of 
mitochondrial intermembrane proteins 173 . Apoptosis-inducing factor (AIF) 
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may normally function in mitochondrial redox regulation, via incompletely 
understood mechanisms 174 ; upon release during apoptosis, it exerts its pro- 
apoptotic effects at both nuclear and cytoplasmic locations 175 . In cytosol 
cytochrome c combines with Apaf-1 (apoptotic protease- activating factor- 1, 
released from the mitochondrial membrane), dATP or ATP, and procaspase 
9. The resulting complex (the “apoptosome”) cleaves and activates 
procaspase 9 176 . Antiapoptotic effects are exerted by cellular inhibitors of 
apoptosis (cIAP 1, 2), which directly inhibit caspases and act as ubiquitin 
ligases for Smac/Diablo 177 . 




Figure 5.4. Mitochondrial voltage-dependent anion channel (VDAC) components and 
relationship to electron transport chain; schematic representation. VDAC complex-mediated 
juxtaposition of hexokinase II and the adenine nucleotide translocase in proliferating cells 
optimizes energetics of glucose phosphorylation to glucose-6-phosphate and entry into the 
glycolytic pathway, leading to pyruvate formation. Detailed structural relationships remain 
incompletely defined (see Chapter 3.3.1.: Aerobic Glycolysis, Mitochondrial Respiration, and 
Oxidative Phosphorylation). Increased mitochondrial fatty acid oxidation inhibits glucose 
uptake, hexokinase, and pyruvate dehydrogenase, and predisposes to electron “leakage” from 
the electron transport chain; the latter results in one-electron reduction of oxygen and 
formation of 0{ and derivative ROS. Excess cellular fatty acids may disrupt hexokinase II, 
VDAC, and the contact sites. Unlike anti-apoptotic Bcl-2 family members, pro-apoptotic 
members may associate with, and perturb, the mitochondrial membrane after activation of the 
apoptotic cascade. Abbreviations — CYT C: cytochrome c; A'P,,: inner mitochondrial 
membrane potential; 0 2 ‘: superoxide anion; UBIQ: ubiquinone; ROS: reactive oxygen 
species; VDAC: voltage-dependent anion channel. With permission (see Fig. 3.4.) 
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5.3.1. The Bcl-2 Protein Family 



The importance of mitochondria and of intramitochondrial oxidative 
stress in apoptosis and in growth regulation more broadly is underscored by 
accumulating evidence concerning the Bcl-2 protein family. Antiapoptotic 
(pro-survival) members of the Bcl-2 family (Bcl-2 and Bcl-xL) inhibit 
mitochondrial release of cytochrome c and AIF and disruption of AV* 78 " 180 . 
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Figure 5.5. Wingless/Wnt-like signaling: cell growth and suppression of cell death. 
Activation of PI3K-Akt/PKB via diverse receptor and non-receptor tyrosine kinases 
(including EGF, HGF, insulin, IGF-1, PDGF, and TNFa receptors) and/or ROS leads to 
Akt/PKB phosphorylation, activation of SREBPs. MDM2, and telomerase. and inactivation of 
the apoptosis-promoting and/or growth inhibiting proteins Bad, caspase 9. Forkhead, GSK3P, 
p53, and (not shown) IkB. Inactivation of GSK3P abrogates its inhibition of proteins 
important in storage and utilization of glucose (glycogen synthase, pyruvate dehydrogenase), 
cell cycle progression (cyclin Dl), and gene transcription (P-catenin). The resulting increase 
in c-myc expression leads, among its other effects, to transcriptional activation of the gene 
encoding the cyclin-dependent kinase cdk4. Abbreviations — COX 2: cyclo-oxygenase 2 
(prostaglandin G/H synthase 2); EGF: epidermal growth factor; HCC: hepatocellular 
carcinoma; HGF: hepatocyte growth factor; IGF-1: insulin-like growth factor-1; PDGF: 
platelet-derived growth factor; PDH: pyruvate dehydrogenase; SREBPs: sterol regulatory 
element binding proteins; TNFa: tumor necrosis factor-a. 
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they may also protect against apoptosis in growth-arrested IL-3-deprived 
cells by inducing a “metabolic arrest” associated with decreased glycolysis 
and AV m 181 ' 182 . The protective effect of anti-apoptotic Bcl-2 family proteins 
may be augmented by an inactivating phosphorylation of the pro-apoptotic 
protein Bad. As noted earlier, this and several other survival-enhancing 
(apoptosis-suppressing) reactions 154 ' 183 " 186 , including activation of 
mitochondrial hexokinase 182 1 87 , are mediated by the serine-threonine protein 
kinase Akt/PKB (see Fig. 5.5, and Chapter 3.3.2.: Wingless/Wnt-Like 
Signaling: Convergence of Antecedents and the Unpredictable). Akt/PKB is 
activated downstream of PI3K, an effector of the signaling cascades initiated 
by insulin/IRS-I, HGF/c-Met, interferon a/(3 , and other growth factors 188 " 190 , 
as well as by TNFa 154 (also, see Chapter 8.4.1.: Effects of Proinflammatory 
Cytokines: TNFa vs. Insulin). Bcl-xL prevents early changes in 
mitochondrial membrane potential, including excessive increases that 
otherwise may lead to mitochondrial swelling 191 , and the decreases 
associated with ROS generation 192 . The activity of Bcl-2 may be modified 
positively or negatively by several implicated kinases 193 , may be Bax 
heterodimerization-dependent or -independent 194 , and may protect against 
cell death despite cytochrome c entry into cytosol, whether released from 
mitochondria by Bax 195 or injected directly 196 ' 197 . At least in part, the 
antiapoptotic effect of Bcl-2 appears to reflect its sequestration of the Bid- 
mediated active conformer of Bak and possibly of Bax 198 . Thus, Bcl-2 and 
Bcl-xL represent pro-survival and anti-oxidant factors in the face of diverse 
pro-apoptotic stimuli 199 , actions which can be understood to a large extent in 
terms of their direct and/or indirect effects on mitochondrial integrity. 

Although the mechanism remains undefined 200 , release of apoptosis- 
related proteins from the intermembrane space is believed to occur as a 
consequence of the mitochondrial permeability transition or outer membrane 
rupture. It may also occur independently of theseevents ’ ’ , via a novel 
large pore formed by hetero-oligomerization between truncated Bid and 
Bak 203 , as a Ca 2+ -dependent or -independent effect of Bax 204 , or an 
interaction between Bax and VDAC 205 . The latter would be consistent with 
other evidence that VDAC interacts with Bcl-2 family members 206 ' 207 , that 
mitochondrial contact sites are involved 208 , and that binding of hexokinase II 
to VDAC inhibits Bax-induced release of cytochrome c 209 ' 210 . In addition, 
cytochrome c release requires disruption of its interaction with cardiolipin 2 1 1 
and remodeling of mitochondrial cristae 212 , potentially perturbing other 
electron transport chain components 213 . In any case, apoptosis appears to 
require either Bax or Bak 214 . This reflects in part their regulation of Ca 2+ 
release from the endoplasmic reticulum 215 , as well as their interaction with 
cardiolipin to generate large pores in the outer mitochondrial membrane 216 . 
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In cytosol, cytochrome c activation of the apoptosome may be inhibited by 
the small stress (“heat shock”) protein Hsp27 ’ . In a time-dependent 

manner 219 , transfer of cytochrome c to cytosol also compromises electron 
transport chain function beyond complex III, thereby promoting the 
intramitochondrial generation of ROS, depletion of thiols 167 , and oxidative 
stress 220 . Cytosolic cytochrome c may re-enter the intermembrane space and 
transiently support electron transport chain function 219 . Collectively, 
however, the net effect of these events is to convert the mitochondrial power 
plant to an engine of cell destruction. 

5.3.2. wg/Wnt-Like Signaling: Convergence of 
Mitochondria, p53, and Telomerase 

Important interactions of Bcl-2 family members and mitochondria with 
the tumor suppressor protein p53 and with telomerase have been 
identified 221 . p53’s well established role as an antiproliferative 
transcriptional activator 222 has been shown to include increased expression of 

p2 j Wafl/Cipl and g 

ax. In addition, however, p53 directly impacts the signaling 
cascades that link intermediary metabolism to growth and survival signaling. 
Thus, p53, in its mutually inhibitory regulatory interaction with 
Akt/PKB 223 ' 224 , increases the expression of PTEN. the inhibitor of wg/Wnt- 
like PI3K/Akt/PKB signaling 225 . p53 also suppresses expression of 
SREBPlc 226 and thereby the lipogenic response required in proliferating 
cells (see Chapter 3.3.2.: Wingless/Wnt-Like Signaling: Convergence of 
Antecedents and the Unpredictable; and Chapter 4.4.: Fatty Acids, 
Modulation of Cell Growth, and the AMP-Activated Protein Kinase). 
Moreover, p53 activates the expression of two related pro-apoptotic BH3- 
only 227 proteins (p53-upregulated modulator of apoptosis — PUMA-a, and - 
P) which bind to Bcl-2 and Bcl-xL and rapidly induce apoptosis 228 ' 229 . In 
addition, a fraction of cellular p53 itself rapidly localizes to the mitochondria 
under conditions which predispose to apoptosis ’ . This activates initial 

events in apoptosis, including formation of a complex between p53 and 
antiapoptotic Bcl-2 family members Bcl-2 and Bcl-xL (which are also 
subject to formation of complexes with p53-induced PUMAs), leading to 
outer membrane permeabilization 234 , altered A^, cytochrome c release, and 
caspase activation. Overexpression of anti-apoptotic Bcl-2 family members 
abrogates apoptosis and p53’s mitochondrial localization, but not its 
induction of cell cycle arrest 2 ’ 1 . p53 may also interact physically and/or 
functionally with NADH quinone oxioreductase 235 and may directly activate 
GSK3P 236 . 
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Participation of p53 in apoptosis also appears to involve a not fully 
characterized functional and physical interaction with telomerase 237, 238 . 
Thus, impaired telomerase activity and/or excessively shortened telomeres 
may induce growth arrest or apoptosis. The latter, which may be p53- 
dependent or p53-independent, is prevented by Bcl-2 239 , suggesting 
mitochondrial involvement. Telomerase also inhibits apoptosis, reflecting 
its phosphorylation-dependent activation by wg/Wnt-like signaling via PI3K 
and Akt/PKB 240 (also, see Fig. 5.5). Accordingly, the anti-apoptotic action 
of telomerase, being Akt/PKB -dependent, represents one of several 
examples of the mutually opposing actions between pro-apoptotic forces 
(including p53) and those of wg/Wnt-like survival signaling, as discussed 
above and in the following paragraphs. Telomerase and p53 also may 

• • • • 241 242 ° 

interact in carcinogenesis ' . 

Several lines of evidence further emphasize the importance of 
mitochondrial metabolism and energetics in the control of cell survival and 
death. Thus, Bcl-2 regulates inner mitochondrial membrane proton flux and 
both in protecting against apoptosis 243 and under non-stress 
conditions 244 , suggesting a more general role in the regulation of 
mitochondrial function. In addition, resistance of various human and 
murine leukemia cell lines to dexamethasone-induced apoptosis was directly 
correlated with cellular ATP levels and Bcl-2 expression 245 . Bcl-2 
expression also protected against TNFa-induced cytotoxicity in L-929 
cells 246 and hypoxia-induced apoptosis in cell culture and solid tumor cells in 
vivo 178,247 . These actions are consistent with Bcl-2’s salutary metabolic and 
mitochondrial effects, and support TNFR1 survival signaling through 
PI3K/Akt/PKB/NF»cB rather than through the death-inducing DISC (see 
Chapter 8.4.1.: Effects of Proinflammatory Cytokines: TNFa vs. Insulin). 
Conversely, pro-apoptotic Bax and Bak mediate the mitochondrial apoptotic 
response to hypoxia 248 . Notably, the ability of Bcl-2 to protect against 
xenobiotic respiratory chain inhibitors was variable depending on cell type 
and conditions 178,249 . Glutamine as sole substrate maintained L-929 cell ATP 
concentrations equal to those obtained with glucose, but unlike glucose 
predisposed these cells to TNFa-induced apoptosis 250 . Possibly, this 
reflects: a) less stringent control of glutamine-supported electron transport 
chain flux than is effected by PDH-mediated glucose/pyruvate oxidation, 
thereby resembling the consequences of excess fatty acid oxidation in 
predisposing to increased ROS generation (see Chapter 6.2.: Butyrate; and 
Chapter 7.2.: Adverse Effects of Fatty Acids on Mitochondrial Function); b) 
inhibition of mitochondrial glutathione transport by glutamine-derived 
glutamate 251 ; or c) both of these actions. Evidence of a physical interaction 
of CPT-I with Bcl-2 but not Bax 252 , and the localization of both CPT-I 81 and 
Bcl-2 to the contact sites between mitochondrial inner and outer membranes, 
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suggests the possibility of a direct relationship of the Bcl-2 family to 
mitochondrial fatty acid metabolism. Consistent with diverse evidence in 
non-hepatic cells that a disturbance in mitochondrial energetics predisposes 
to apoptosis, hepatocytes located in the relatively oxygen-poor pericentral 
zone 3 of the hepatic acinus 213 ' 254 , or maintained in culture under zone 3- 
equivalent conditions 255 , were more susceptible to apoptosis than those in 
periportal (zone 1) or equivalent. In hepatocytes and certain immunocytes 
mitochondria are obligatory downstream mediators of the apoptotic cascade 
initiated by Fas 256 . 

The role of ceramide in apoptosis has been controversial - . Available 
evidence indicates that it is formed early in the process, may be a precursor 
of mitochondrial ganglioside GD3 261 262 , may increase outer membrane 
permeability to proteins 263 , and that it directly or indirectly impairs electron 
transport chain function at complex III 264 ' 267 . Ceramide also inhibits 
Akt/P KB -mediated wg/Wnt-like signaling 268 . These interactions thus reflect 
antagonism between opposing signal transduction pathways for growth 
arrest or death (ceramide) and for cell survival or proliferation (wg/Wnt-like) 
(see above, this section, and Chapter 3.3.2.: Wingless/Wnt-Like Signaling: 
Convergence of Antecedents and the Unpredictable). In addition to 
ceramide, and/or mediated in paid by it, apoptosis associated with electron 
transport chain inhibition at complex III may also be induced in L929 
fibrosarcoma cells exposed to TNFa 269 and in lymphoblastoid cells exposed 
to classical xenobiotic inhibitors 249 . 

On the basis of these considerations, integration of intermediary 
metabolism and signal transduction can be taken to higher levels of 
complexity and of importance to regulation and survival for the cell and the 
organism (also, see Chapter 3.3.2.: Wingless/Wnt-Like Signaling: 
Convergence of Antecedents and the Unpredictable). Accordingly, wg/Wnt- 
like PI3K/Akt/PKB signaling, activated by any of several polypeptide 
growth factors, as well as by LT-mduced inhibition of GSK3P, in turn 
activates or promotes several pro-survival and/or proliferative influences. 
Thus, it: 1) increases the activity of several glycolytic pathway components, 
among them mitochondria-associated hexokinase II, the effects of which 
include stabilization of the VDAC complex and suppression of Bax-induced 
cytochrome c release; 2) suppresses mitochondrial fatty acid oxidation, 
through its activation of both SREBP-linked lipogenesis (and thereby 
malonyl CoA-induced inhibition of CPT-I), as well as of LXR-mediated 
suppression of PPARa-induced fatty acid oxidation pathways; 3) activates 
telomerase, and thereby its anti-apoptotic effect; 4) inactivates GSK3P, 
thereby promoting glycolysis, P-catenin-linked transcriptional regulation and 
cell cycle progression, and abrogation of cell-cell adherens junctions; 5) 
modulates cellular distribution and regulatory function of the Cip/Kip cell 
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cycle inhibitors; 6) inactivates IkB, the cytosolic inhibitor ofNFKB, thereby 
promoting the latter’s transcriptional activation of genes important in cell 
survival and redox regulation, including pro-survival Bcl-2 family members; 
7) stabilizes HIFla, thereby activating the pro-survival and proliferative 
response classically associated with hypoxia; and 8) directly activates VEGF 
expression while inactivating antiproliferative Forkhead transcription 
factors. 

In addition, P13K/Akt/PKB’s mutually opposing interaction with p53 
contributes to suppression of the latter’s antiproliferative and apoptosis- 
inducing effects. These antiproliferative and antisurvival effects of p53 
include: 1) increased expression of PTEN (lipid phosphatase inhibitor of 
PI3K/Akt/PKB signaling), of the cell cycle inhibitor p2 1 Wafl/C, pi ^ ant [ G f the 
pro-apoptotic Bcl-2 family members Bax and PUMA-a and ~P; 2) p53 
interaction with Smads in mediation of TGFp receptor signaling; and 3) p53 
localization to mitochondria where it participates in formation of apoptosis- 
inducing complexes with anti-apoptotic (pro-survival) Bcl-2 family 
members Bcl-2 and Bcl-xF. 

PI3K/Akt/PKB also interacts with other determinants of survival and 
growth: 1) it is stabilized by Hsp 27 and Hsp 90; 2) it is inhibited by 
ceramide; and 3) it inactivates several pro-apoptotic factors, including the 
Bcl-2 family member Bad, formation of the FAS-associated 
DISC/procaspase 8 complex, and (acting in conceit with Bcl-2/Bcl-xF) Bax- 
induced mitochondrial release of cytochrome c and AIF. 

Thus, perhaps uniquely among growth factor signaling pathways, 
wgAVnt-like PI3K/Akt/PKB signal transduction resides at — and effects — 
the coordinated convergence at which intermediary metabolism, cell-cell 
interaction, cell cycle progression, and transcriptional regulation are 
marshalled in a pro-survival, growth-promoting milieu in support of closely 
regulated cell cycle progression and cell proliferation. 

5.3.3. Mitochondria and FasL-Independent Activation of Fas 

In addition to the well-established interactions between the mitochondria 
and surface membrane death receptors, it is now clear that Fas may be 
activated in the absence of Fas ligand. In many such instances, moreover, 
convincing evidence suggests that this occurs subsequent to an antecedent, 
and possibly initiating, disturbance of mitochondrial function 148 , e.g., caused 
by ultraviolet B (UVB) light 270 " 273 , toxic (non-polar) bile acids 274 ' 273 
menadione , NSAIDs" , and cancer chemotherapeutic agents" , and that it 
may be an obligate mediator of butyrate-induced apoptosis 278 . UVB also 
altered TGFp signaling" and cell cycle regulation" , several hours after the 
mitochondrial changes. 
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The concept that perturbed mitochondrial function may have broader 
significance and a more central role in apoptosis than has been appreciated is 
supported by evidence that toxic (non-polar) bile acid-induced apoptosis is 
associated with increased plasma membrane expression of Fas and TRAIL- 
receptor 2 281 , that ethanol-induced mitochondrial dysfunction is associated 
with increased expression of Fas 282 , and that the non-toxic bile acid 
ursodeoxycholic acid prevents the mitochondrial changes, and apoptosis, 
caused by diverse agents including toxic bile acids and TGFa 283 ' 284 . This 
protective effect, and that afforded by IGF-1 285 , appear to be mediated by 
PI3K/Akt/PKB 285 ' 2S6 and/or mitochondrial GSH 283 . They resemble in scope, 
if not in specific mechanism, the broad antiapoptotic effects of the 
peroxisome proliferator nafenopin 32 (see Chapter 5.2.1.: PPARa). 

While the mechanism of FasL-independent Fas activation (and its plasma 
membrane expression) is unknown, the adverse mitochondrial effects of 
those chemical and physical agents that elicit this phenomenon would in 
common include generation of ROS and/or partial depletion of ATP, either 
of which is sufficient to induce Fas expression" ' , and/or Fas-mediated 

apoptosis ’ . Moreover, the activation of NFkB or its subunits, required 
under certain conditions for Fas expression 290 ’ 291 , would be an expected 
consequence of mitochondrial oxidative stress. The mitochondrial location 
of procaspase 8 , an implied mitochondrial role in ceramide generation" , 

and the above noted evidence of early Fas-activated NO inhibition of 
mitochondrial respiration 161 , may also contribute to the potentially 
bidirectional interaction between Fas and mitochondrial function. In any 
case, it appears likely that in a diversity of settings, mitochondrial initiation 
of apoptosis could lead secondarily to recruitment of Fas as an active 
participant in the death program, albeit in these instances “downstream” of 
mitochondia. This proposed activation sequence is consistent with increased 
hepatocellular apoptosis and Fas expression (plausibly induced by fatty acid 
oxidation — see Chapter 7.4.2.: Adverse Effects of Fatty Acid Oxidation- 
Induced ROS in Various Organs) in human nonalcoholic steatohepatitis 293 , 
and is directly supported by non-polar bile acid-induced, FADD- 
independent, activation of caspase 8" 94 , Furthermore, human 
immunodeficiency virus-1 (HIV-1) infection may induce mitochondrial 
membrane permeabilization-mediated CD4 + T lymphocyte death, 
independent of both caspase activity and death receptor signaling 295 . 

Moreover, as discussed above (see Chapter 4.4.: Fatty Acids, Modulation 
of Cell Growth, and the AMP-Activated Protein Kinase), a decrease in 
[ATP] induced by these adverse mitochondrial effects would increase 
[AMP] and [AMP]/[ATP] through the action of adenylate kinase. This in 
turn would activate AMPK, thereby increasing CPT-I activity and 
mitochondrial fatty acid oxidation, and further contribute to the generation 




5. Mitochondrial Function in Cell Growth and Death 



95 



of intramitochondrial oxidative stress. Augmentation of CPT-I activity and 
mitochondrial fatty acid oxidation would also result from caspase-3- 
mediated disruption of intermediate filaments 296 , reflecting the importance of 
cytokeratins 8 and 18 in CPT-I regulation 297 ' 298 and cell survival 299 , e.g., in 
protecting against hepatotoxic and TNFa- and Fas-induced ’ " cell death. 
Caspase 3 also disrupts wg/Wnt signaling through cleavage of (3-catenin 303 . 

Mitochondrial and cell membrane death receptor signaling converge at 
caspase 3 (Fig. 5.3 - facing page 85), the substrates of which include several 
of the aforementioned proteins that are essential to cell survival. Thus, this 
pivotal lytic agent of death links disruption of survival signaling, 
mitochondrial integrity, and metabolism. Caspase 3 targets include 
Akt/PKB 304 , |3-catenin 303 , Bcl-2 160 , intermediate filaments 296 , IKK(3 03 , and 
p 2 ] wafici P i 306 Depending on its res idual activity, inactivation of p21 Waf,Cipl 
could disable regulation of G1 cell cycle progression, thereby promoting cell 
cycle-associated death (see this Chapter 5.3.4. Apoptosis and the Cell Cycle: 
Chronic Viral Hepatitis and Cancer) or impairing D cyclin activation ’ . 

In addition to these early events in the apoptotic cascade, 
extramitochondrial changes ensue, including phosphatidyl serine display on 
the plasma membrane outer leaflet triggered by the fall in cellular [ATP] 309 , 
chromatin condensation, DNA fragmentation, and increased plasma 
membrane permeability. As chromatin condensation usually occurs after 
collapse, it appeal's likely that the ATP required for energy-consuming 
apoptosis-associated reactions is provided by anaerobic glycolysis and by 
any residual functioning mitochondria ' . More extensive depletion of 

311 312 313 

ATP ’ or failure of caspase activation results in necrosis rather than 
apoptosis. 

5.3.4. Apoptosis and the Cell Cycle: Chronic Viral Hepatitis 
and Cancer 

In the aggregate, available evidence supports a central role for 
mitochondria in apoptosis in many cell types including hepatocytes. The 
critical impact of these organelles reflects disruption of electron transport, 
decreased intramitochondrial thiols 167 , collapse of possible release of 
procaspases and caspase activators, and failure of ATP generation 314 315 . As a 
corollary, these energetic considerations may clarify the unexpected 
association of apoptosis with cell cycle progression. That is, that apoptosis 
may be more likely to occur under conditions that favor cell cycle 
progression, whereas conditions that inhibit cell cycle progression may be 

30A 316 397 

protective ’ ' . This association is evident even in terminally 

398 39Q 

differentiated neurons " ’ , in which cell cycle progression does not lead to 
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mitosis (see Chapter 15.4.2.: Winglcss/Wnt-Likc Signal Transduction and 
Effects ofLithium). 

These seemingly paradoxical relationships can be linked to identifiable 
signaling cascades 330 . Viewed in an energetic context, however, they may at 
least in part reflect the incompatibility of cell cycle-associated increases in 
ATP demand ’ " with compromised mitochondrial ATP generating 

capacity. This incompatibility becomes unacceptable as the vulnerable cell 
is driven irreversibly beyond the G1 restriction point and committed to S 
phase entry. In S phase, already high expenditure of energy (ATP) 
increases, yet growth arrest is not possible before the G2 checkpoint. The 
fall in [ATP] that would be inevitable in an energetically compromised cell 
under such conditions would lead to an adenylate kinase -mediated increase 
in [AMP] and, therefore, to AMPK activation 335 . As discussed earlier (see 
Chapter 4: Fatty Acids, Modulation of Cell Growth, and the AMPK- 
Activated Protein Kinase), AMPK among its other effects inhibits fatty acid 
synthesis and increases mitochondrial fatty acid oxidation; the latter 
predisposes to ROS generation and oxidative stress. While fatty acid 
oxidation also tends to suppress glycolysis, AMPK may simultaneously 
activate glycolysis and mitochondrial fatty acid oxidation in cardiac and 
skeletal muscle 336 . Under certain conditions, c-myc may also contribute to 
cell death by inhibiting NFkB activation 337 , or by suppressing p53-induced 
P 21 WaflCipI expression, thus furthering inappropriate cell cycle progression 338 . 
In the case of the retinoblastoma (Rb)-E2F pathway, inactivating 
phosphorylation of the critical Ser567 residue of Rb drives cell cycle 
progression; thus, it is directly related to cell cycle-associated apoptosis, and 
inversely related to cell cycle arrest and survival 339 . Such deregulation of 
Rb-E2F may also lead to increased expression of procaspase 7 340 . 

At this point it may be appropriate to sound a cautionary note concerning 
the interpretation of AMPK effects as studied with the cell permeant 
compound 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), a 
precursor of the AMP analog ZMP and activator of AMPK 335 . Extremely 
important information concerning the identity of AMPK substrates has been 
obtained through the use of this agent, which has thus proved to be a 
valuable investigative tool. In its experimental use, however, it may activate 
AMPK under conditions in which there has been no antecedent perturbation 
of cell energetics; that is, cellular [ATP] and [AMP] may be relatively 
normal, at least initially. Physiological activation of AMPK, in contrast, by 
definition signals the fact that cellular energetics are already compromised: 
[ATP] is low and/or [AMP] or [AMP]/[ATP] high. In some experiments, 
this distinction may not be of great consequence. However, in those studies 
in which experimental findings are critically related to, or influenced by, 
cellular or mitochondrial energy balance, results could be misleading. For 
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example, effects of physiological activation of AMPK by an unfavorable 
change in cellular adenine nucleotide balance under conditions in which 
ATP demand is increasing, e.g., as the result of stress or cell cycle 
progression 341 ' 342 , may differ from those that result from AMPK activation by 
AICAR under conditions in which [ATP] and ATP consumption are 
relatively normal and stable. In the former circumstance, programmed cell 
death would be far more likely to occur than in the latter. As a corollary, 
introduction of an antiproliferative agent (thereby preventing further 
deterioration of adenine nucleotide balance) would more likely exert a 
positive effect on cell survival in the face of high ATP demand than in the 
latter case, in which ATP demand is relatively stable. Such a caveat is also 
supported by recent evidence that, with or without AICAR, AMPK 
activation may be modulated independent of prior disturbance in adenine 
nucleotide balance (presumably including that introduced by the AICAR - 
derived AMP analog ZMP) by insulin 343 , leptin 344 ' 345 , and other factors 346 . 
Moreover, AICAR acting independently of AMPK may influence adipocyte 
glucose uptake 347 and induce apoptosis 348 ' 349 These considerations may be 
especially relevant to those instances in which AMPK effects may appear to 
be contradictory, e.g., simultaneous activation of glycolysis and fatty acid 
oxidation " despite the generally reciprocal catabolic utilization of these 
substrates 353 ' 354 . As noted above, however, concurrent activation of these 
processes by AMPK has been observed in cardiac and/or skeletal muscle 336 
and as a consequence of stimulation by adiponectin globular domain 355 . 

Induction of apoptosis caused by forced cell cycle progression of 
metabolically marginal cells would be expected to vary with in vitro 
conditions, and among cells in any given experiment. Accordingly, 
heterogeneity with respect to likelihood of successful cell cycle completion 
may account for conflicting reports of apoptosis in experimental hepatitis B 
(HBV) and C (HCV) infection, both of which promote cell cycle 
progression, largely attributable to effects of HBV X protein (HBx) or HCV 
core protein 148 ' 356 ’ 366 . Among these effects is suppression of the Cip/Kip cell 
cycle inhibitors p21 WaflCipl and/or p27 Kipl by HCV core protein and/or HBx 367 ' 
370 Thus, in a process of natural selection in microcosm, virus-infected cells, 
in which substrate and energy normally required for cell cycle support are 
diverted toward the superimposed demands of virus replication, may be 
more likely to become ATP-depleted and undergo (non-immune-mediated) 
programmed death. In contrast, replicatively and metabolically more 
competent cells, e.g., those with inactivating mutations of Ape, p53, or 
PTEN, would be more likely to survive; in vivo, comparable events may 
contribute to evolving carcinogenesis. 

The linkage between apoptosis and the cell cycle would also provide a 
rational basis for: 1) the rarity in human cancer (thus, implied cell survival 
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value of the wild type gene) of inactivating mutations of the Cip/Kip family 
of cyclin E/cdk2 Gl/S checkpoint inhibitors ’ 07 ; 2) Akt/PKB’s stabilization of 
the Cip/Kip family member p2 1 Waric, P |371 ? and its phosphorylation-induced 
cytoplasmic localization of both p2i WaflCl P |371 and p27 K,pl372 ' 373 ; and 3) in 
apoptosis, caspase 3-mediated cleavage of both Akt/PKB 304 and p21 WiriCipl306 . 
Seemingly paradoxical Bcl-2 family effects on tumorigenesis, i.e., 
suppression by Bcl-2 374 and acceleration by Bax 375 , could thus reflect a 
decrease or increase, respectively, in proliferative drive, in part 
compensatory in response to loss of functioning hepatocytes (see Chapter 8: 
Metabolism and Gene Expression in Liver Regeneration). Finally, the cell 
cycle-apoptosis linkage may provide an opportunity for a novel approach to 
cancer treatment based on metabolic manipulation. In such an approach, 
cells in the tumor initially would be brought to cell cycle arrest, then induced 
to near synchronous cell cycle re-entry, thus incurring obligatory increases 
in ATP demand. It is hypothesized that, under such conditions, 
pharmacological disruption of mitochondrial energetics and/or glycolysis 
soon after the Gl/S transition would lead inexorably to progressive ATP 
depletion and cell death. In contrast, non-transfomed cells, being subject to 
usual growth regulatory constraints, would be less susceptible to, and less 
likely to incur the consequences of, such artificially-induced cell cycle 
progression. 
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Chapter 6 

Metabolic Effects of Antiproliferative Agents 



6.1. INTRODUCTION 

As discussed briefly in the preceding chapter, and in addition to the 
to -3 fatty acids discussed earlier (see Chapter 4: Fatty Acids and Growth 
Regulation), three structurally and mechanistically disparate growth 
inhibitors rapidly induce changes in mitochondrial function. Despite the 
fact that two are endogenous (TGF(3, a protein; and butyrate, a short chain 
fatty acid), and one a group of xenobiotics (salicylate and nonsteroidal 
anti-inflammatory drugs, NSAIDs), all have been shown to increase 
mitochondrial fatty acid oxidation and ketogenesis, absolute and/or 
relative to ATP biosynthesis 1 (Fig. 6.1; and Fig. 6.2 - facing page 123; 
also, Ockner R, unpublished data). They also may act in association with 
or independently of p53, the diverse and complex functions of which 
continue to unfold (see Chapter 5.3.2.: wg/Wnt-Like Signaling: 

Convergence of Mitochondria, p53, and Telomerase). 



6.2. BUTYRATE 

Butyrate (butyric acid anion) is a 4-carbon short chain fatty acid (SCFA) 2 , 
that inhibits growth and induces p53-independent G1 cell cycle arrest 
and/or apoptosis in various cell systems 3 " 7 . In the relatively aggressive 
HM7 colorectal carcinoma line, butyrate promotes differentiation 
through its effects on p-catenin and E-cadherin, shifting p-catenin from 
nuclei to intercellular junctions, thereby serving to promote cell-cell 
adhesion and suggesting that it suppresses wg/Wnt-like signaling 8 . 
Butyrate also induces expression of cyclin-dependent kinase inhibitors 
plh 11 * 4 and p2 1 WAFI/C,pl and dephosphorylation (activation) of 
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Figure 6.1. Growth modulator regulation of rodent hepatocyte fatty acid oxidation. 
Pathway arrow thickness approximates relative activity. Top: Inhibition of CPT-I, and 
thus mitochondrial fatty acid oxidation and ketogenesis, by the peroxisome proliferator 
clofibrate. Although cellular mitochondrial fatty acid oxidation increases absolutely, the 
fatty acid burden is diminished relative to an increased mitochondrial oxidative capacity; 
PPARa-mediated extramitochondrial FA oxidation is relatively enhanced. Bottom: 
Augmentation of mitochondrial fatty acid oxidation and ketogenesis by butyrate, with 
relative suppression of extramitochondrial FA oxidation. Abbreviations — CPT-I: 
carnitine palmitoyltransferase-I; FA: fatty acid; PPARct: peroxisome proliferator- 
activated receptor-a 



retinoblastoma protein 9 " 12 ; in Caco-2 cells it selectively increases the 
expression ofPPARy 13 , as noted above (see Chapter 5.2.2.: PPARy). In 
butyrate-exposed colon cancer cell lines, the apoptotic pathway may be 
activated independently of histone deacetylase inhibition 14 . 

Butyrate induction of growth arrest or apoptosis is associated with 
decrease or collapse, respectively, of ". These effects can be 

understood in terms of butyrate’s intramitochondrial metabolism (Fig. 
6.2 - facing page 123). Thus, similar to other SCFA, butyrate readily 
permeates the mitochondrial inner membrane as the unesterified 
protonated fatty acid, independent of CPT-I. Within the mitochondrial 
matrix, butyrate is converted to butyryl CoA and undergoes ^-oxidation; 
as a fuel source which generates acetyl CoA and NADH, it contributes 
electrons to the electron transport chain and leads to the inhibition of 
pyruvate dehydrogenase and glycolysis 15 ' 16 . Flowever, butyrate also exerts 
an uncoupling-like effect on oxidative phosphorylation in which 
increased state 4 respiration reflects a futile cycle of repeated butyryl 
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Figure 6.2. Sites of growth inhibitor effects on mitochondrial function. Salicylic acid 
(salicylate) is a classical uncoupler of oxidative phosphorylation; i.e, a protonophore; thus, it 
delivers protons to the mitochondrial matrix while bypassing the ATP synthase complex, 
thereby driving respiration and substrate utilization without generating ATP. Butyric acid 
(butyrate) and ketone bodies (not shown) freely enter the mitochondrial matrix as protonated 
acids. They are relatively weak protonophores, and further differ from classical protonophore 
uncouplers in that they undergo oxidation in the mitochondrial matrix, thus increasing electron 
transport chain flux and propensity to ROS generation. Their uncoupling-like effect derives 
principally from intramitochondrial ATP consumption by futile cycles of acyl CoA synthesis 
and hydrolysis. Sulindac is a direct inhibitor of complex I of the electron transport chain, 
through which approximately 75% of the electrons generated by biological oxidation reactions 
flow. Abbreviations — CPT-I: carnitine palmitoyltransferase-I; ketone bodies: (i- 
hydroxybutyrate and acetoacetate; PDH: pyruvate dehydrogenase. 
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CoA synthesis and hydrolysis 1 71 8 (Fig. 6.2 - facing this page). As a result 
of this futile cycling, increased intramitochondrial consumption of ATP 
and generation of AMP drives increases in oxygen and substrate 
utilization, and ATP synthesis. Presumably it is through these latter 
effects that butyrate augments mitochondrial long chain fatty acid 
oxidation and ketogenesis 1 ' 19 , further increasing matrix reducing potential 
([(3-hydroxybutryate]/[acetoacetate]) and the predisposition to oxidative 
stress. 

These characteristics of short chain fatty acid (e.g., butyrate) 
metabolism differ importantly from those of long chain fatty acids, in 
that de novo synthesis of long chain acyl CoA thioesters (and, therefore, 
of their acylcarnitine derivatives) in the mitochondrial matrix is 
negligible. As a result, underivatized protonated long chain fatty acids 
which enter the matrix via nonionic diffusion are not oxidized (unlike 
their acylcarnitines), but instead are exported as anions across the inner 
mitochondrial membrane. Thus, while long chain fatty acids are 

relatively weak uncouplers, they are similar in this particular respect to the 
classical protonophore uncouplers of oxidative phosphorylation, which 
also are exported unoxidized across the inner mitochondrial membrane. 
Accordingly, while the uncoupling-like effect of short chain fatty acids is 
accompanied by their (3-oxidation and therefore increased matrix 
reducing potential and propensity for ROS generation, classical 
protonophore uncouplers exert an antioxidant effect, suppressing ROS 
generation 20 " 25 (also, see this Chapter 6.4: Salicylate and Other 

Nonsteroidal Anti-Inflammatory Drugs). 

It is of additional significance that enzymes which mediate synthesis 
and hydrolysis of ketone body CoA thioesters, and their (3-oxidation, are 
also present in the mitochondrial matrix 18 ' 26 . This suggests that an ATP- 
consuming, futile cycling, electron- and ROS -generating uncoupling-like 
effect, similar to that of butyrate, occurs during mitochondrial ketone 
body oxidation. These characteristics of mitochondrial matrix ketone 
body metabolism may account for the in vivo suppression of tumor 
growth by (3-hydroxybutyrate noted above 27,28 (also, see Chapter 4: Fatty 
Acids and Growth Regulation), for the adverse of ketone bodies on 
neuronal function (see Chapter 12.3.: Ketone Bodies; and Chapter 15: 
Pathogenesis of Alzheimer Disease: Metabolic Factors), and for the 
antiseizure effects of ketogenic diets (see Chapter 14.4.: Ketogenic Diet 
and Control of Seizure Activity). The mechanistic basis of the reported 
inhibition of butyrate-induced apoptosis by Bcl-2 overexpression 29 , and 
of butyrate downregulation of Bcl-2, are unknown. However, recent 
evidence that butyrate-induced apoptosis in mouse colon cells is mediated 
by Fas 30 further supports the concept that in certain circumstances Fas 
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may be activated downstream of mitochondrial events, especially related 
to ROS generation (see Chapter 5.3.: Mitochondrial Function in 

Apoptosis). 

In light of the foregoing evidence, normal colonic epithelium 
represents a special case. Thus, in non-ruminants SCFA are produced 
only by colonic bacterial flora, and growth of normal differentiating 
colonocytes appeal's to be supported rather than inhibited by butyrate 
and other SCFA. It may therefore seem surprising that in germ-free 
animals, in which SCFA are absent, only modest changes in colonic 
epithelial cell proliferation rate and cell cycle duration are observed 31 . In 
other words, there clearly is no absolute colonocyte dependence on 
SCFA, which therefore may be required in conventional animals only to 
modulate direct or indirect (e.g., pro-inflammatory) effects of the colonic 
microflora on the epithelium. The alternative substrates utilized in the 
germ-free state, and also in conventional animals, include glutamine and, 
to a lesser extent, glucose 3233 . Through the actions of glutaminase and 
glutamate dehydrogenase, glutamine-derived glutamate provides 2-oxo- 
glutarate directly to the citric acid cycle (Fig. 6.2 - facing page 123), thus 
driving oxidative phosphorylation while circumventing control by 
pyruvate dehydrogenase, the activity of which is susceptible to inhibition 
by the aforementioned intramitochondrial effects of the normally high 
ambient butyrate concentrations 15 . 

Glutamine, therefore, may support the increases in A 1 ?,,, and ATP 
generation required by cell cycle progression in the small subset of 
colonic crypt cells comprising the proliferative compartment. This 
relatively unrestrained fueling of the citric acid cycle and electron 
transport chain would be consistent with glutamine’s ability to prevent 
apoptosis resulting from decreased glucose uptake and utilization in IL- 
3-deprived ICDP cells 34 , and its recognized role as an important 
respiratory substrate in proliferating normal and transformed cells 35 " 38 , yet 
also account for its predisposition of cells to apoptosis as noted above 38 
(see Chapter 3.3.1.: Aerobic Glycolysis, Mitochondrial Respiration and 
Oxidative Phosphorylation). In contrast, in the non-proliferating 
compartment in which colonocytes undergo differentiation, butyrate’s 
adverse effects on the efficiency of ATP generation would be of lesser 
significance. In fact, this abundant fuel (approximately 30-40 mM in the 
colonic lumen) would contribute to the maintenance of a normal 
differentiating (i.e., non-proliferative) phenotype. 
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6.3. TRANSFORMING GROWTH FACTOR-0 (TGF-0) 

TGF-P is a 25 kDa homodimer in its fully processed mature form, 
which acts through its cell surface receptors to increase the expression of 
the cell cycle inhibitors p2 1 WAFI/C,pl an( j p27 Kipl , thereby modulating 
cyclin-dependent kinase activity and inducing p53-independent late G1 
cell cycle arrest 39 " 41 . The antiproliferative effect of TGFp may also reflect 
induced expression of E- and P-cadherins 42 , or of PPARy 43 . This 
observation is consistent with, although not directly linked to, down- 
regulation of high mobility group-I (Y) protein 44 , a member of the 
Tcf/Lef group of transcription factors involved in (3-catenin (and thus 
wg/Wnt-Like) signaling 45 ' 46 . The pro-apoptotic effect of TGFp may result 
from diminished expression of Bcl-2 or Bcl-xL 47 ' 48 , caspase-mediated 
cleavage/activation of Bad 49 , and increased ROS generation 50 51 (also, see 
below, this section). 

Substantial progress has been made in the elucidation of TGFP 
receptor-activated signaling pathways that may contribute to these 
effects 52 " 55 . For several, transcriptional regulation requires cooperative 
interaction between TGFp receptor-activated Smads and p53 56 . 
Contrasting growth-promoting (e.g., on IMR-90 human fibroblasts) and 
growth-inhibiting effects (e.g., on HuCCTl human cholangiocarcinoma 
cells) may, among other possible factors, reflect: 1) differential regulation 
by TGFpi of interferon regulatory factor- 1 -mediated p2 1 WAF1/Cipl 
expression 57 ; 2) generation of AP-1 forms differing in monomer 
composition 58 ; 3) iKB-a-dependent suppression of NFkB activation 59 ; 
and/or 4) changes in abundance and/or activity of TGFP signal mediators 
and regulators 55 ’ 6061 . Among the last of these, interaction between 
seemingly opposing signaling by PI3K/Akt/PKB — e.g., induced by 
integrin-linked kinase 6263 — and TGFP is required for epithelial-to- 
mesenchymal transition and migration in breast tumor cell lines 53 ' 64 , fetal 
rat hepatocytes 65 , and renal tubular interstitial fibrosis 63 . 

TGFP also has significant effects on cell metabolism, including 
increased cellular generation of ROS 48 ' 50 ' 51 . In addition, activation of 
latent TGFP is enhanced by NO-induced nitrosylation of latency- 
associated peptide, possibly in a cell- or tissue-specific manner 66 , while 
active TGFp post-transcriptionally suppresses iNOS expression 67 . Within 
the hepatocyte and cardiac myocyte (both of which exhibit high rates of 
mitochondrial fatty acid oxidation), as well as in other cell types, 
cytoplasmic TGFP is associated predominantly with mitochondria 68 " 72 . 
The association involves both mature and pre-TGFP and does not permit 
rapid exchange with soluble exogenous TGFp 68 ’ 73 , but is otherwise 
structurally and functionally uncharacterized. Appearance of TGFP in 
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this cytoplasmic location, external to the lumen of the endoplasmic 
reticulum, implies absence of a signal peptide; accordingly, it may reflect 
transcription from a recognized alternative start site 74 . Active TGF|3 is 
also demonstrable within B cells and plasma cells, in which its cellular 
localization and function have not been defined 75 . Intracellular locations 
and sites of action have been observed for other humoral or paracrine 
mediators, including TGFa 76 . 

Significantly, exogenous TGF(3 inhibits key glycolysis-promoting 
processes in the hepatocyte 77 , consistent with its augmentation of 
gluconeogenesis (PEPCK) 78 . Both of these effects imply an increase in 
mitochondrial fatty acid oxidation. Furthermore, they are consistent with 
evidence that mature TGF(3 increases mitochondrial fatty acid oxidation 
and ketogenesis, both systemically after intracisternal (intracranial) 
injection 79 , and in hepatocytes in primary culture 1 . In the latter, the ratio 
of [|3-hydroxybutyrate] to [acetoacetate] is increased 1 , implying an 
increase in electron transport chain electron density and, therefore, a 
predisposition to ROS generation. Thus, TGF(5-induced changes in fatty 
acid oxidation would predispose to intramitochondrial oxidative stress, 
thereby accounting at least in part for the above-noted TGFfS-induced 
generation of H 2 0 2 ° and, in turn, early activation of AP-1 80 and 
PI3K/Akt/PKB 81 . Furthermore, the linkage of TGF|3 to fatty acid 

oxidation-induced mitochondrial ROS generation provides a mechanistic 
basis for ROS mediation of TGFp-induced apoptosis in fetal 
hepatocytes 51 , attenuation of TGF|3- induced ROS and NFkB activation by 
prior heat shock 82 , and prevention of TGF|3-induced apoptosis by 
ursodeoxycholic acid 83 (also, see Chapter 7: Fatty Acids and 

Mitochondria, Cell Growth and Injury: Broader Implications). Finkage 
of TGFf) to fatty acid metabolism is further supported by recent evidence 
that fatty acids modulate TGF|3 activity and plasma clearance 84 , and by 
TGFfTs regulation of PPARy gene expression 4 '. Moreover, this linkage 
may contribute to the pathogenesis of kidney disease in experimental 
diabetes mellitus; in this disorder, protection afforded by abrogation of 
TGFP signaling 85,86 would be consistent with participation of TGFp- 
induced fatty acid oxidation in pathogenesis. A proposed role for 
hyperglycemia in this process 87 is addressed below (see Chapter 7: Fatty 
Acids and Mitochondria, Cell Growth and Injury: Broader Implications). 

These metabolic effects of TGF|3 — augmented mitochondrial fatty 
acid oxidation and ketogenesis, increases in intramitochondrial reducing 
potential and ROS generation, suppression of glycolysis, and increased 
gluconeogenesis — are antiproliferative (see Chapter 3: Nutrient and 
Energy Metabolism in Cell Proliferation). They may also contribute to 
TGFp-induced activation of caspase 8 and apoptosis, apparently 
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independent of Fas 88 . Consistent with this formulation, these TGF|3 effects 
are suppressed by epidermal growth factor, acting via the PI3 In- 
dependent signaling pathway 89 that promotes proliferation and glycolysis 
while inhibiting fatty acid oxidation. A proposed anti-apoptotic role for 
TGF|3 in T cells 72 and mammary epithelial cells 81 , while seemingly in 
contradiction to its numerous adverse effects on cell function, growth, and 
survival 90 , may reflect cell-specific responses, and/or activation by TGF(3 
of a cell cycle arrest that in these settings would be protective, as discussed 
above (see Chapter 5.3.4.: Apoptosis and the Cell Cycle: Chronic Viral 
Hepatitis and Cancer). 



6.4. SALICYLATES AND OTHER NONSTEROIDAL 
ANTI-INFLAMMATORY DRUGS (NSAIDs) 

Many agents in this broad category inhibit tumorigenesis. Thus, 
salicylates prevent human colon adenomas 91 " 93 and carcinomas 94 , and 
tumors of the colon 95 and liver 96 in rodents. Similarly, sulindac 

metabolites prevent polyp formation in the Apc Mm/+ murine model of 
familial adenomatous polyposis (FAP) 97 , and experimental breast cancer 
in rodents 98 ; studies of polyp regression in FAP are conflicting 99 " 101 . In 
vitro, aspirin suppresses microsatellite instability in colorectal cancer 
cells 102 , while agents from the major NSAID classes cause p53- 
independent growth arrest and apoptosis in several cell types and colon 
cancer-derived cell lines. Although these agents in general inhibit 
cyclooxygenase 2 (COX2) and thereby the synthesis of growth- 
promoting prostaglandins, they also appear to act independently of 
altered eicosanoid metabolism 103 ' 110 , or in addition to it 111 ’ 112 . 

NSAIDs also impair mitochondrial function; effects include 

uncoupling of oxidative phosphorylation by salicylate (Fig. 6.2 - facing 
page 123), salicylate derivatives, and several other NSAIDs, in vivo or in 
vitro 113 " 116 . The salicylate uncoupling effect is associated with diminished 
mitochondrial A^ 117 , and has been correlated with antirheumatic and 
anti-inflammatory potency 113 . Although not all NSAIDs uncouple 
oxidative phosphorylation, this effect warrants further consideration in 
the context of oxidative stress and cell proliferation (also, see Chapter 7: 
Fatty Acids and Mitochondria, Cell Growth and Injury: Broader 
Implications). 

Intramitochondrial generation of ROS, i.e., one electron reduction of 
molecular 0 2 with formation of superoxide anion (0 2 ), is caused by 
electron “leakage” from the electron transport chain, especially at 
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Figure 6.3. Mitochondrial voltage-dependent anion channel (VDAC) components and 
relationship to electron transport chain; schematic representation. VDAC complex- 
mediated juxtaposition of hexokinase II and the adenine nucleotide translocase in 
proliferating cells optimizes energetics of glucose phosphorylation to glucose-6- 
phosphate and entry into the glycolytic pathway, leading to pyruvate formation. 
Detailed structural relationships remain incompletely defined (see Chapter 3.3.1.: 
Aerobic Glycolysis, Mitochondrial Respiration, and Oxidative Phosphorylation). 
Increased mitochondrial fatty acid oxidation inhibits glucose uptake, hexokinase, and 
pyruvate dehydrogenase, and predisposes to electron “leakage” from the electron 
transport chain; the latter results in one-electron reduction of oxygen and formation of 0 2 ' 
and derivative ROS. Excess cellular fatty acids may disrupt hexokinase II, VDAC, and the 
contact sites. Unlike anti-apoptotic Bcl-2 family members, pro-apoptotic members may 
associate with, and perturb, the mitochondrial membrane after activation of the apoptotic 
cascade. Abbreviations — CYT C: cytochrome c; A^ m : inner mitochondrial membrane 
potential; 0 2 ': superoxide anion; UBIQ: ubiquinone; ROS: reactive oxygen species; 
VDAC: voltage-dependent anion channel. With permission (see Fig. 3.4.) 

complexes I and III and ubiquinone (Fig. 6.3). Such “leakage” may be 
accelerated by excessive electron entry (e.g., as a result of increased 
mitochondrial fatty acid oxidation) and/or diminished electron removal as 
the result of impaired electron transport chain function (e.g., in hypoxia). 
In addition to intramitochondrial defenses that are immediately available, 
e.g., glutathione, superoxide dismutase, and thioredoxin MS ‘ 120 , moderate 
levels of ROS formation may activate PI3K/Akt/PKB signaling (see 
Chapter 3. 3.2. 3.: Reactive Oxygen Species) and the transcriptional 
regulators NFkB and AP-1 121 " 123 . The latter lead to increased expression 
of several genes important in cell survival and redox regulation, which 
thus may synergize with PI3K/Akt/PKB. These include the inducible 
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form of nitric oxide synthase (iNOS) 124 , COX2 125 , Bcl-2, Bcl-xL 126 , and the 
Bcl-2 homolog Bfl-l/Al 127 . ROS may also contribute to TNFa-induced 
expression of mitochondrial uncoupling protein-2 (UCP2) in the post- 
hepatectomy regenerating hepatocyte 128 ' 129 . NFkB activation appears to be 
essential for cell survival and proliferation, e.g., in response to 
TNFa/TNFRl signaling 130 " 134 (also, see Chapter 8.4.1.: Effects of 

Proinflammatory Cytokines: TNFa vs. Insulin), although under some 
conditions it may exert a pro-apoptotic effect 135 . 

There is abundant evidence that uncoupling of oxidative 
phosphorylation suppresses intramitochondrial oxidative stress 2025 . 
Presumably, this reflects accelerated removal of electrons through 
formation of H 2 0 (Fig. 6.3) as the result of uncoupler-induced increases 
in matrix proton abundance; electron “leakage” and generation of 0 2 ' at 
upstream electron transport chain sites are thereby diminished. This 
antioxidant effect is produced by diverse uncoupling agents including 
underivatized long chain fatty acids, xenobiotics such as salicylate (Fig. 
6.2 - facing page 123), the increased proton permeability of tn-3 fatty 
acid-enriched mitochondrial inner membrane 136 (also, see Chapter 4.3.: 
Omega-3 Fatty Acids), the cardioprotective agent carvedilol 25 , and UCP2. 
Moreover, 0 2 " activates uncoupling proteins in a fatty acid-dependent 
manner 129 . As a result of its uncoupling and anti-oxidant effects, 
salicylate also supresses ROS-induced activation of NFkB 137-139 and AP- 
l 104 , and therefore transcriptional activation of redox -related genes. As 
discussed above (Chapter 6.2.: Butyrate), the antioxidant effect is not 
produced by those agents such as butyrate 1 and ketone bodies, that exert 
an uncoupling-like effect, because their oxidation in the mitochondrial 
matrix augments electron abundance and “leakage” in the electron 
transport chain rather than decreasing it, as do the non-oxidized 
protonophore uncouplers such as salicylate. 

While the uncoupling effects of salicylate are protective under certain 
conditions, they are necessarily linked to uncoupler-induced compromise 
of A'Fn, and, therefore, of ATP generation. This may account for the 
otherwise paradoxical observation that salicylate protects against 
apoptosis in resting cells 138 in which ATP requirements are low, whereas in 
proliferating cells in which ATP requirements are high it predisposes to 
spontaneous 108 140 and TNFa-induced 139 apoptosis (see Chapter 5.3.4.: 
Apoptosis and the Cell Cycle: Chronic Viral Hepatitis and Cancer). It 
also augments cell killing by inducers of the permeability transition 141 . 
Although salicylate has also been shown to bind to and inhibit the NFkB 
activator IkB kinase-p (IKKP) 142 144 , thereby suppressing insulin resistance 
through as yet unknown mechanisms 143 144 , the significance of this effect 
remains uncertain 145 . Possibly, salicylate’s enhancement of insulin 
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sensitivity reflects in part its uncoupling-induced suppression of 
intramitochondrial ROS generation, thus favoring activation of PDH and 
glycolysis. 

Accordingly, salicylate may influence cellular responses to 
proliferative, antiproliferative, or apoptogenic stimuli through two closely 
linked mechanisms. First, it diminishes and thus compromises ATP 
generation. Second, it diminishes intramitochondrial ROS generation and 
thus suppresses NFkB activation. Both effects can be understood as the 
consequences of salicylate’s action as a protonophore uncoupler, and 
both may predispose either to protective growth arrest or to apoptosis, 
depending on conditions. Importantly, this mechanism of NFkB 
suppression by salicylate contrasts with that of the more “downstream” 
IicBa-dependent inhibitory effect ofTGFP noted above 59 . 

NSAIDs other than salicylates may not uncouple oxidative 
phosphorylation but instead inhibit the electron transport chain 146 ' 147 ; 
indomethacin may do either depending on its concentration 116 . Evidence 
pertaining to the mitochondrial effects of sulindac is conflicting 115 ' 148 . 
Our preliminary experiments (Ockner R, unpublished data) indicate that 
sulindac differs from salicylate in that it does not uncouple oxidative 
phosphorylation but instead inhibits complex I (Fig. 6.2 - facing page 
123). A resulting decrease in electron transport chain flux would 
decrease ROS generation, consistent with sulindac’ s suppression of NFkB 
activation 149 and COX2 expression 150 . Similar to butyrate and TGF(J, 
however, and despite their differing effects on mitochondria, both 
salicylate and sulindac increase long chain fatty acid oxidation and 
ketogenesis, absolutely and/or relative to maximal rates of ATP synthesis 
(Ockner R, unpublished data). Sulindac sulfide also may activate 
PPARy 151 . In contrast to these effects, certain NSAIDs may cause 
concentration-dependent inhibition of mitochondrial fatty acid 
oxidation 152 ' 153 , thereby inducing peroxisome proliferator-like effects 153 " 155 , 
and possibly accounting for an otherwise unexpected proliferative effect 
on normal colonic crypt cells 156 . NSAIDs may also activate PPARa 
and/or PPARy, directly or indirectly 157 ' 158 . 

Consideration of the foregoing interactions may help to clarify what 
has been a puzzling aspect of the relationship of COX2 and NSAIDs to 
cell proliferation and tumorigenesis. Among the reaction products of 
COX2 are prostaglandins D1 and D2 (PGD), both of which directly or 
indirectly activate PPARa 159 ' 160 , and PGE2 which stimulates tumor cell 
growth and motility 161 . As discussed above (see Chapter 5.2.1.: PPARa), 
a critical aspect of the peroxisome proliferator effect is that it restricts 
mitochondrial fatty acid oxidation as it augments, via PPARa, 
mitochondrial mass and oxidative capacity. As a result. 
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intramitochondrial electron flux, reducing potential, and therefore ROS 
generation are suppressed 162 166 , thus resembling an insulin-like effect in 
which remains high. Conversely, A l F m is diminished under 

conditions in which uncoupling agents suppress oxygen radical 
formation and NFkB/AP-1 activation. This uncoupling-induced effect 
would account for decreased COX2 gene transcription by salicylate and 
aspirin 167 , and for suppression of NFkB and iNOS by o)-3 fatty acids 136,168 
(also, see Chapter 4.3.: Omega-3 Fatty Acids). In contrast, a moderate 
increase in intramitochondrial ROS generation (e.g., caused under certain 
circumstances by proinflammatory cytokines - see Chapter 8.4.1.: Effects 
of Proinflammatory Cytokines: TNFa vs. Insulin) would activate NFkB 
and AP-1 121 " 123 , thereby increasing expression of redox-related genes 
including COX2 and, thus, formation of eicosanoid activators of PPARa 
and PPAR5 169 . 

In this context, the response cascade — oxidative stress —* NFkB/AP-1 
-*• COX2 -* PGD — * PPARa — * augmented mitochondrial oxidative 
capacity — could be viewed as a mechanism that subserves feedback 
control of intramitochondrial oxidative stress, while promoting 
mitochondrial redox conditions and energetics more favorable to cell 
proliferation. The cascade could be interrupted at any of several loci, 
including uncoupling-induced suppression of ROS generation and NFkB 
activation, compromise of AW m , direct inhibition of the electron transport 
chain, or direct inhibition of COX2. As a corollary, the cascade’s ability 
to stimulate cell proliferation would be compromised by agents which 
inhibit COX2 as well as by those which do not. This formulation would 
account for evidence that the antiproliferative effects of COX2-selective 
NSAIDS may be COX2-independent 170171 , or COX2-dependent but 
independent of PGE2 172 , and that they enhance the antiproliferative effect 
of butyrate 173 . It is also compatible with alternative hypotheses 174 , and with 
recent evidence that NSAIDs may inhibit either eicosanoid activation of 
PPARS 169 , or the latter’s interaction with its DNA response elements 175,176 
(also, see Chapter 5.2.3.: PPAR6). Furthermore, it is likely that effects of 
NSAIDs on cell proliferation will depend on whether the eicosanoids 
synthesized by COX2 are predominantly pro-inflammatory 
(proliferative) or anti-inflammatory (anti-proliferative) 177 . Given these 
considerations, evidence that NSAID-induced gastric mucosal injury does 

170 178 

not depend on COX-inhibitory potency or mucosal surface exposure ’ 
suggests that it may be the consequence of an antiproliferative effect on 
gastric crypt progenitor cells. The present formulation, if valid, would 
also predict that in some circumstances activation of PPARa-mediated 
mitochondrial proliferation may be COX2-dependent. 
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Chapter 7 

Fatty Acids and Mitochondria, Cell Growth and 
Injury: Broader Implications 



7.1. INTRODUCTION 

At various points and in several contexts in the discussion thus far, the 
potentially adverse effects of excessive mitochondrial fatty acid oxidation 
have been emphasized, especially in terms of their possible influence on 
cell proliferation and oxidative stress. The intent of the present chapter is 
to summarize these effects and, in particular, to develop more fully the 
biochemical and metabolic foundations of their pathophysiologic and 
clinical significance. Although certain of the concepts are to some extent 
hypothetical, they are supported directly and indirectly by a substantial 
body of evidence. As a result, they may provide insight into, and 
contribute to the elucidation of, an unexpectedly diverse array of 
incompletely understood scientific and clinical issues. 



7.2. ADVERSE EFFECTS OF FATTY ACIDS ON 

MITOCHONDRIAL FUNCTION AND CELL REDOX 
BALANCE 

Butyrate, TGFp, and certain NSAIDs increase mitochondrial fatty acid 
oxidation, absolutely and/or relative to ATP biosynthesis. These effects 
are thus similar to those of medium chain and co-3 fatty acids, but they 
act by diverse mechanisms. The changes caused by these agents, or by 
other factors which augment fatty acid oxidation — such as increased 
plasma [FFA] associated with obesity, insulin resistance, diabetes mellitus, 
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starvation, or HIV infection — may adversely affect mitochondrial 
function in several ways: 

1) Fatty acids 112 and obesity 13 inhibit PI3K-mediated insulin (wg/Wnt- 
like) signaling; increased tissue lipid abundance and mitochondrial fatty 
acid oxidation inhibit glucose uptake, glycolysis, and pyruvate 
dehydrogenase activity 7 ' 10 ' 14 ' 16 . 

2) Fatty acids in excess may override regulatory control of CPT-I by 

malonyl CoA ’ , or abrogate such control by inducing expression of 

malonyl CoA decarboxylase 21 . The resulting augmentation of fatty acid 
(1-oxidation predisposes to electron transport chain overload, ROS 
formation, and mitochondrial thiol depletion, i.e., oxidative stress. 
Consistent with this metabolic predisposition to conditions that are 
conducive to apoptosis, caspases are activated in intact cells and in a cell- 
free system by conditions favoring mitochondrial fatty acid oxidation 22 . 
In addition, peroxisomal P-oxidation of fatty acids may be augmented by 
excess fatty acids generally, as well as by those specific fatty acids that are 
inherently less readily oxidized in mitochondria, such as trans fatty 
acids 23 ' 25 (also, see this Chapter 7.4.1.: Atherosclerosis and Arterial 

Hypertension). 

3) Fatty acids may disrupt VDAC and membrane contact sites, and 
favor opening of the permeability transition pore 26 ' 27 . 

4) Saturated fatty acids may be more likely than monounsaturated 
fatty acids to enter oxidative pathways and induce lipotoxicity in cultured 
cells 28 . Excesses in cytoplasmic palmitate or stearate also increase de 
novo (sphingomyelinase -independent) biosynthesis of ceramide, and 
apoptosis, in murine hematopoietic cell lines 29 . 

5) Underivatized long chain fatty acids uncouple oxidative 
phosphorylation directly 30 " 34 . Fatty acids may also uncouple indirectly, 
through fatty acid p-oxidation-induced increased expression of UCP2 3536 , 
or as the result of increased inner membrane proton permeability 37 
induced by to -3 fatty acid-enriched membrane lipids. While the 
uncoupling effect of underivatized long chain fatty acids tends to 
mitigate the generation and consequences of ROS 38 " 42 , the latter dominates 
at higher rates of fatty acid oxidation. 

6) In addition to direct mitochondrial effects, excess fatty acids may 
enter and induce ROS-generating extramitochondrial fatty acid oxidation 
pathways, i.e., peroxisomal p-oxidation and a>- and to-l oxidation in the 
SER. 

These and other observations suggest that for any given cell, its 
position and direction in the broad spectrum of growth regulation — 
from proliferation to growth arrest to apoptosis — is substantially 
influenced by mitochondrial function and substrate utilization. Thus, 
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mitochondrial fatty acid oxidation and ketogenesis are: 1) suppressed in 
dividing cells; 2) inhibited by structurally diverse mitogens and growth 
promoters such as insulin 43 , TNFa, (reflecting activation of the 
PI3K/Akt/PKB survival pathway), and the peroxisome proliterators; and 
3) relatively or absolutely increased by structurally diverse growth 
inhibitors such as butyrate, TGF|3, salicylate and certain NSAIDs, and in -3 
fatty acids. In general, then, mitochondrial fatty acid oxidation is 
inversely related to growth-associated changes in A l F m and ATP 
production, which are augmented in aerobic proliferation and diminshed 
in growth arrest or apoptosis. 

It is clear that the interaction between fatty acids and mitochondria — 
and its functional consequences — are varied, and may be regarded as 
“favorable” or “unfavorable” depending on their predominant 
characteristics and cellular context, e.g., growth arrest as opposed to 
mitosis. Such interactions are subject to modulation by cellular fatty acid 
abundance and compartmentalization, the latter influenced by 
extramitochondrial metabolism and cytosolic binding proteins. Within 
mitochondria, fatty acid {3-oxidation may support ketogenesis and/or the 
citric acid cycle, thereby providing energy required, e.g., for hepatocyte 
gluconeogenesis or myocyte contraction. However, high rates of 
mitochondrial fatty acid (1-oxidation caused by antiproliferative agents or 
fatty acid override of the CPT-I control point (the latter effect driven by 
elevated plasma [FFA] associated, e.g., with obesity, insulin resistance, 
diabetes mellitus, and HIV infection) may predispose to ROS generation 
and oxidative stress. 



7.3. ORIGINS OF INTRAMITOCHONDRIAL 
OXIDATIVE STRESS 

At any given moment, entry of electrons into the electron transport 
chain principally reflects the rate at which they are derived from 
oxidation of metabolic fuels. As discussed above (see Fig. 7.1, and 
Chapter 6.4.: Salicylates and Other Nonsteroidal Anti-Inflammatory 

Drugs), intramitochondrial generation of ROS largely reflects “leakage” 
of some of these electrons from the electron transport chain, resulting in 
one-electron reduction of molecular oxygen to form superoxide anion 
(0 2 ) and, through the action of superoxide dismutase, H 2 0 2 . (ROS 
generation may also become prominent in states of high mitochondrial 
energization and as will be discussed below; see this Chapter 

7.4.2.2.: Paradoxical Benefits of Adversity.) Consistent with this critical 
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Figure 7.1. Mitochondrial voltage-dependent anion channel (VDAC) components and 
relationship to electron transport chain; schematic representation. VDAC complex- 
mediated juxtaposition of hexokinase II and the adenine nucleotide translocase in 
proliferating cells optimizes energetics of glucose phosphorylation to glucose-6- 
phosphate and entry into the glycolytic pathway, leading to pyruvate formation. 
Detailed structural relationships remain incompletely defined (see Chapter 3.3.1.: 
Aerobic Glycolysis, Mitochondrial Respiration, and Oxidative Phosphorylation). 
Increased mitochondrial fatty acid oxidation inhibits glucose uptake, hexokinase, and 
pyruvate dehydrogenase, and predisposes to electron “leakage” from the electron 
transport chain; the latter results in one-electron reduction of oxygen and formation of Of 
and derivative ROS. Excess cellular fatty acids may disrupt hexokinase II, VDAC, and the 
contact sites. Unlike anti-apoptotic Bcl-2 family members, pro-apoptotic members may 
associate with, and perturb, the mitochondrial membrane after activation of the apoptotic 
cascade. Abbreviations — CYT C: cytochrome c; inner mitochondrial membrane 
potential; 0 2 : superoxide anion; UBIQ: ubiquinone; ROS: reactive oxygen species; 
VDAC: voltage-dependent anion channel. With permission (see Fig. 3.4.) 

role of substrate oxidation-derived electron flux, caloric restriction 
decreases body fat stores and (fatty acid-related) intramitochondrial H 2 0 2 
generation 44 , undoubtedly contributing to its anti-apoptotic, anti- 
tumorigenic, and longevity effects 45 ' 47 . The major potentially oxidizable 
fuels (thus, the major electron donors) include fatty acids, glucose and its 
derivatives, and certain amino acids, especially those that may serve as 
substrates for gluconeogenesis (e.g., alanine), or whose derivatives 
directly enter the citric acid cycle (e.g., glutamine-derived 2-oxo- 
glutarate). Each of these warrants consideration with regard to its 
propensity to generate excessive electron flux and thereby ROS and 
oxidative stress. Non-nutrient inducers of intramitochondrial ROS, such 
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as ethanol and thermal stress, are discussed below (see this Chapter 
7. 4. 2.2.: Paradoxical Benefits of Adversity.) 

Pyruvate, derived from glycolysis, lactate, glycerol, or gluconeogenic 
amino acids such as alanine, is a major electron donor. However, 
pyruvate and the glucose molecule from which it is usually derived are 
unlikely sources of electron transport chain-related oxidative stress 
because the rate at which they supply electrons is tightly controlled 
through feedback regulation of pyruvate dehydrogenase by the very 
conditions in the mitochondrial matrix that would otherwise predispose to 
ROS generation. These include increased electron abundance and 
reducing potential ([NADH]/[NAD]), high [acetyl CoA]/[CoA], and high 
[ATP]/[ADP]; the last of these three directly indicates relative deficiency 
of the ADP substrate that is required if electrons are to be removed 
efficiently through their consumption (effectively, neutralization) in ATP 
synthase-mediated oxidative phosphorylation. 

Hyperglycemia has been implicated as a cause of oxidative stress- 
induced tissue injury 48 ' 49 . However, in vitro studies of this process often 
employ high glucose concentrations under conditions in which FFA may 
be absent or present at unphysiologically low concentrations. This is an 
important issue, as plasma [FFA] is almost invariably elevated in poorly 
controlled diabetes mellitus in vivo. In general, moreover, cellular uptake 
of glucose is opposed by the insulin resistant state to which these fatty 
acids contribute 710 , as well as by an autoregulatory effect of glucose 
itself 50 . Additionally, certain inconsistent findings, e.g., cell survival 51 vs. 
cell death 12 , the complex and conflicting evidence concerning glucose 
and fatty acid interactions with the pancreatic (3 cell 53 ' 54 , and the absence 
of an effect of simvistatin on glycemic control despite its beneficial effect 
on vascular disease in diabetics 55 , suggest that high glucose concentrations 
need not be inherently injurious. Moreover, formation of advanced 
glycation endproducts (AGE) via alternative oxidative stress-dependent 
pathways has been demonstrated 56 ’ 57 , including their formation under 
euglycemic conditions 56 ' 58 . Furthermore, streptozotocin diabetes mellitus- 
induced abnormalities in nerve conduction and AW m were normalized by 
insulin, independent of glycemia and protein glycation 59 . Finally, 
macrovascular complications of type II diabetes mellitus often antedate or 
otherwise correlate poorly with hyperglycemia 60 ' 61 , and may reflect 
enhancement of AGE toxicity by plasma FFA 62 . Together, these 
observations imply that factors other than (or in addition to) 
hyperglycemia, including fatty acids, play an important determining role 
in the pathogenesis of diabetes mellitus-associated tissue injury and 
outcome. As a corollary, it is possible that increases in plasma [FFA] and 
fatty acid oxidation are major causes of diabetes-related pro-oxidant 
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effects, and/or that FFA and hyperglycemia are synergistic. Indeed, a 
basis for such synergy may be provided by the “Crabtree effect’’, an 
incompletely understood glucose-induced inhibition of mitochondrial 
respiration 63 " 66 . Thus, consequent to an impairment of respiration and 
electron flux induced by the Crabtree effect, fatty acid-driven CPT-I 
override and augmented (3-oxidation' 7 20 67 would be expected to force 
even greater electron density in the electron transport chain, thereby 
promoting ROS generation, oxidative stress, and cell injury. 

Oxidation of other substrates such as glutamate or glutamine, which 
can enter the citric acid cycle independent of pyruvate dehydrogenase, 
may be limited, and therefore less likely to generate oxidative stress. For 
example, the liver is a net producer, not consumer, of glutamate 68 , and 
approximately 90% of hepatic glutamate uptake that does occur is 
localized to cells in the immediate pericentral region in support of 
glutamine synthesis 69 . Glutamine clearly can support citric acid cycle 
activity and oxidative phosphorylation in rapidly proliferating cells such 
as tumors and normal enterocytes 70 . However, glutamine is also 
committed to a diversity of metabolic functions 69 70 , not least being its 
established importance as the precursor of exported glutamate 68 and a 
substrate for gluconeogenesis 71 ; significantly, requisite energy for the 
latter process is provided by mitochondrial fatty acid oxidation. 



7.4. CONSEQUENCES OF INTRAMITOCHONDRIAL 
OXIDATIVE STRESS: ATHEROSCLEROSIS AND 
BEYOND 

The foregoing analysis suggests that in the intact organism, increased 
mitochondrial fatty acid ^-oxidation may be a particularly important and 
perhaps dominant inducer of excessive, potentially ROS- and oxidative 
stress-generating, mitochondrial electron transport chain flux, in addition 
to the contribution of peroxisomal (3-oxidation-induced generation of 
H 2 0 2 . This would apply especially to conditions associated with sustained 
increases in plasma and tissue fatty acids, such as obesity, insulin 
resistance, and diabetes mellitus. Plasma [FFA] is also increased by the 
adrenergic effects of smoking-related nicotine administration 72 " 75 . 
Moreover, it is of critical significance that FFA generated by lipolysis in 
the metabolically highly active and relatively insulin-resistant visceral 
adipose tissue 76 are released into portal venous plasma. As a result, they 
may exert substantial influence on hepatocellular metabolism, yet remain 
relatively unrepresented in peripheral plasma FFA concentrations. 
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These considerations suggest that the consequences of excessive fatty 
acid oxidation may be widely distributed, affecting directly or indirectly a 
diversity of proliferative and non-proliferative cells, and contributing 
importantly to the broader problem of oxidative stress and its sequelae, 
including atherosclerosis (see below), aging " , carcinogenesis (also, see 
Chapter 3.3.2.: Wingless/Wnt-Like Signaling: Convergence of 

Antecedents and the Unpredictable), and certain forms of dementia and 
neurodegenerative disease (see Chapter 13.4.2.: HIV Dementia; and 
Chapter 15: Pathogenesis of Alzheimer Disease: Metabolic Factors). 
They may also contribute to elucidation of the somewhat unexpected 
beneficial effects of caloric restriction 44 " 47 . Evidence in support of this 
general concept is provided by the following selected examples. 

7.4.1. Atherosclerosis and Arterial Hypertension 

Current evidence indicates that development and progression of the 
endothelial lesion of atherosclerosis is promoted by preferential entry of 
oxidized low density lipoprotein (LDL) from plasma into the arterial 
endothelium and subendothelial compartment. In the vessel wall, 
oxidized LDL and other sources contribute to accumulation of lipid in 
endothelial macrophages, generating the “foam cell” and leading to the 
subsequent evolution of plaque formation, plaque rupture, and 
thrombosis. Two components of this complex process, i.e., formation of 
oxidized LDL and the endothelial lesion itself, are appropriately 
considered in the present context because of evidence suggesting that 
they may reflect at least in part pathological effects of fatty acid-related 
oxidative stress. 

7.4.1.1. Oxidized LDL 

Several mechanisms have been identified by which oxidized LDL may 
be generated, but the origin of these particles in vivo remains unclear 81 " 83 . 
Because of this persisting uncertainty, a previously unexamined yet 
potential source of oxidized LDL may deserve consideration, namely, the 
hepatocellular endoplasmic reticulum (ER) in which the triacylglycerol- 
rich VLDL precursors of LDL are assembled. 

There is strong evidence that the ER lumen is oxidizing relative to 
cytosol 84 " 86 , such that luminal GSH/GSSG ratio is approximately two 
orders of magnitude less than that of cytosol 84 . This oxidizing 
environment is important for proper folding of secretory proteins. It 
primarily reflects flavin adenine dinucleotide- and 0 2 -dependent activity 
of the ER membrane protein Erolp, and is subject to modulation by 
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cytosolic conditions 86 . Molecular oxygen is the ultimate electron 
acceptor. As H 2 0 2 generation approximates 5% of total disulfide 
formation 86 , the redox process is similar to the electron transport chain in 
terms of proportionate ROS generation. In addition to oxidizing 
conditions generated within the ER lumen itself, ER resident proteins may 
also be subject to oxidative modification by low concentrations of 
exogenous (thus, cytosolic) H 2 0 2 as well 87 . Importantly, co-translational 
translocation of apolipoprotein B into the ER lumen may be delayed 88 , 
suggesting that it may exist at least transiently as a resident protein 
equivalent. As a result, nascent apolipoprotein B may be subject to 
modification by endogenous (intraluminal) or exogenous (cytosolic) 
oxidants. 

The concept that oxidizing conditions in the ER lumen, either normal 
or heightened by cellular or cytosolic oxidative stress, fosters oxidative 
changes in lipid or protein components of nascent triacylglycerol-rich 
VLDL is clearly hypothetical. However, such a scenario would be 
consistent with hepatocellular conditions in obesity and type II diabetes 
mellitus, and trans fatty acid metabolism; in these, entry of excessive fatty 
acid oxidation-generated mitochondrial or peroxisomal ROS into 
hepatocyte cytosol would contribute to the pathogenesis of non-alcoholic 
steatohepatitis and secondarily to ER oxidizing potential (see this Chapter 

7.2. : Adverse Effects of Fatty Acids on Mitochondrial Function; and, 

7.3. : Origins of Intramitochondrial Oxidative Stress). As partially 
oxidized dietary fatty acids have been shown to be incorporated into 
triacylglycerol-rich lipoproteins by both enterocyte and hepatocyte 89 ' 90 , 
ER luminal oxidizing conditions could also induce and/or sustain a 
partially oxidized state of fatty acids destined for incorporation into 
VLDL lipids. Presumably, an effect on LDL longevity in the plasma 
compartment and endothelial uptake would require that the oxidized 
moiety (lipid or protein) be located at the surface of the LDL particle. 
Therefore, although oxidized TG- or cholesterol ester-fatty acids that are 
primarily associated with the lipid core may have relatively little effect on 
oxidized LDL clearance, they would contribute importantly to the burden 
of intracellular fatty acids that enter oxidative pathways after uptake by 
endothelial macrophages 91 . 

7.4.I.2. The Endothelial Lesion 

In the evolving endothelial lesion of atherosclerosis 92 , and in 
experimental endothelial cholesterol loading 93 , increases in uptake of FFA 
and oxidized LDL are mediated at least in part by the CD36 scavenger 
receptor 94 . This process encumbers endothelial cells and endothelial 
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macrophages with excess lipid (fatty acids as well as cholesterol); excess 
fatty acids drive increased mitochondrial and presumably — especially 
for trans fatty acids — peroxisomal fatty acid oxidation 23 ' 25 . Fatty acids 
and their oxidative derivatives, released from oxidized LDL after uptake 
by endothelial macrophages, induce PPARy-mediated CD36 expression, 
thus activating a vicious cycle in which lipids in oxidized LDL augment 
their own uptake 95 ’ 96 . Oxidative fatty acid products here include not only 
hydroxy-derivatives 97 , but also those generated by p-oxidation. Cellular 
abundance of fatty acids and therefore their availability to enter oxidative 
pathways in this setting is also increased by phospholipase A2 activation 98 . 
Moreover, among its diverse actions 99 , leptin exerts important and highly 
relevant effects on cell metabolism (see also Chapter 12.4.3.: Fatty Acid 
Oxidation and Regulation of Feeding Behavior). These include: 
increased endothelial cell mitochondrial fatty acid oxidation, mediated via 
activation of AMPK 100 or protein kinase A 101 ; increased endothelial cell 
oxidative stress and INK activation 102 ; and increased fatty acid oxidation 
in skeletal 103 ' 104 and cardiac muscle 105 . Plasma concentration of leptin, and 
therefore its potential activation of such oxidative processes in the 
endothelial cell, are increased in common forms of obesity. 

The increases in fatty acid oxidation-related ROS formation in 
mitochondria (0 2 ‘ and MnSOD-generated H 2 0 2 ) and peroxisomes (direct 
formation of H 2 0 2 ) that are associated with these processes would: 1) 
increase damage to mitochondrial DNA as an early event in 
atherogenesis 106 ; 2) enhance monocyte/macrophage recruitment and 
expression of proinflammatory cytokines 107 " 118 and C-reactive protein 117 " 119 ; 
3) provide on a sustained basis at least a portion of the H 2 0 2 required for 
the augmented myeloperoxidase activity that has been implicated in 
lesion pathogenesis ’ " ; 4) increase susceptibility to hyperglycemia- 

and AGE-associated endothelial cell injury 62 (also see this Chapter 7.3.: 
Origins of Intramitochondrial Oxidative Stress); and 5) predispose to the 
increase in macrophage apoptosis that is linked to plaque rupture 123 . In 
addition, unsaturated fatty acids increase degradation of the ATP-binding 
cassette transporter ABCA1, upon which macrophage cholesterol export 
depends 124 " 126 . 

The linkage of fatty acids to pathogenesis of the endothelial lesion is 
consistent with the anti-inflammatory effect of PPARy activation on 

127 128 

endothelial cells “ ’ , and is further supported by evidence: 1) that fibrate 

PPARa activators, which inhibit CPT-I — and thereby fatty acid 
oxidation and generation of intramitochondrial oxidative stress 129 — are 
anti-atherosclerotic 109 130 ’ 131 ; 2) that deletion of the adipocyte FABP 
isoform ALBP/aP2 that is normally expressed in macrophages and is 
upregulated in foam cells , is protective against atherosclerosis " ; 3) 
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that plasma levels of C-reactive protein reflect obesity and abdominal 
adipose tissue 136 , and are strongly associated with body mass index, insulin 
resistance, type II diabetes mellitus, and the “metabolic syndrome” 119 , 
and cigarette smoking 137 , while C-reactive protein itself exerts a direct pro- 
inflammatory effect on endothelial cells 138 ; and 4) that the protective oj- 3 
fatty acids diminish macrophage scavenger receptor expression 139 , thereby 
potentially suppressing uptake of cholesterol- and fatty acid-containing 
lipoproteins. In view of this substantial evidence, the mechanism 
underlying a recently reported PPARy-activated anti-inflammatory 
response following lipoprotein lipase-induced triacylglycerol-rich 
lipoprotein hydrolysis 140 is unclear. 

7.4.I.3. Beneficial Effects of “Statin” Hypolipidemic Agents. 

Against this background, it is particularly significant that the anti- 
atherosclerotic effects of statins increasingly appear to transcend the 
decreases in serum cholesterol levels that result from inhibition of 
cholesterol biosynthesis at the level of the HMG CoA reductase reaction 55 . 
These broader benefits are primarily antiproliferative and antioxidant in 
nature. Thus, statin-induced growth arrest and/or apoptosis have been 
demonstrated in diverse cell types, including vascular endothelium 141 and 
smooth muscle 142 , T lymphocytes 143 , and invasive breast cancer lines 144 . 
Equally broad antioxidant effects of statins are reflected in their 
inhibition of NFkB activation 145 ' 146 and of (3 amyloid formation 147 (also, see 
Chapter 15.5.2.: Hypothesized Role of Fatty Acid Metabolism in 
Neurodegeneration), and by diminished secretion of proinflammatory 
cytokines 143 ' 145 and C-reactive protein 148 . Although these surprisingly 
broad actions importantly affect the arterial wall, their similar influences 
in diverse cells and tissues are indicative of their more fundamental 
nature. Consideration of their potential mechanistic basis provides 
equally unexpected insights. 

Central to an understanding of the statin effects is the SREBP family 
of transcriptional regulators, which serves to coordinate expression of 
genes related to cellular sterol balance and fatty acid biosynthesis (see 
Chapter 4.4.: Fatty Acids, Modulation of Cell Growth, and the AMP- 
Activated Protein Kinase). Statin inhibition of HMG CoA reductase 
blocks the biosynthesis of mevalonate, of its downstream intermediates 
including the key isoprenoids farnesyl pyrophosphate and geranyl- 
geranyl pyrophosphate, and of sterols including cholesterol. The 
resulting cellular deficiency of cholesterol activates SREBP transcriptional 
regulation, but because SREBP- lc activation requires antecedent 
activation of LXR by the now less available oxysterols 149 , SREBP isoforms 
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become independently regulated 150 and SREBP-2 becomes the dominant 
activated species 150 ' 151 . Both antiproliferative and antioxidant effects of 
HMG CoA reductase inhibition may be understandable in the context of 
these responses. 

Cell proliferation requires availability not only of fatty acids and 
sterols (especially cholesterol), but also of critical isoprenoid 
intermediates, the latter effecting, e.g., plasma membrane anchorage of 
RhoA/Ras/Raf/MAP kinase signaling pathway components 141 ' 144 ' 152 (also, 
see Chapter 4.4.: Fatty Acids, Modulation of Cell Growth, and the AMP- 
Activated Protein Kinase). Generation of these isoprenoids is blocked by 
statin inhibition of HMG CoA reductase. Although deficiency of cellular 
cholesterol may be mitigated by SREBP-2-induced increases in LDL 
receptor expression 153 " 155 , this mechanism does not ameliorate deficiency 
of the isoprenoid intermediates. The growth inhibitory effects of this 
deficiency, moreover, are augmented by SREBP-2 induced increases in 
expression of the antiproliferative nuclear receptor PPARy 15 PPARa is 
also activated, possibly reflecting changes in cellular fatty acid 
economy 146 ' 152 . Through an unknown mechanism, cell cycle inhibition by 
mevastatin reflects in paid its suppression of phosphorylation-dependent 
activation of cdk2 157 . 

Antioxidant effects of statins may be understood at least in paid as the 
result of SREBP-2-mediated transcriptional regulation of critical reactions 
in the fatty acid biosynthetic pathway. Generally this pathway is more 
specifically and vigorously regulated by SREBP-lc, but abundant 
evidence indicates that SREBP-2 also increases transcription and activity 
of the key mediators of fatty acid biosynthesis, i.e., acetyl CoA 
carboxylase and fatty acid synthase, at least in liver 153 ' 155 , Hep G2 cells 154 , 
and intestine 151 . SREBP-2 mRNA abundance is also correlated with that 
of fatty acid synthase in breast cancer cells 158 . Thus, SREBP-induced 
activation of fatty acid biosynthesis, with its obligatory increase in 
malonyl CoA abundance and inhibition of CPT-I, hath implies and 
effects suppression of mitochondrial fatty acid oxidation. As a corollary, 
fatty acid oxidation-induced generation of intramitochondrial ROS would 
also be suppressed, consistent with the observation that statins inhibit C- 
reactive protein expression, unrelated to LDL cholesterol levels 159 . Statin- 
induced inhibition of Rho GTPase as a result of geranyl-geranyl 
pyrophosphate deficiency also results in post-transcriptional upregulation 
of endothelial nitric oxide synthase 160 " 162 , likely contributing to improved 
vascular reactivity 163 . Antiproliferative and antioxidant effects of the 
statins may also interact 144 ' 145 . The significance of vascular mitochondrial 
fatty acid oxidation-induced ROS generation in pathogenesis is further 
supported by the protective effects of the fibrate drugs, as noted above. 
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Thus, while statins are hypothesized here to effect indirect suppression of 
mitochondrial CPT-I and fatty acid oxidation by increasing acetyl Co A 
carboxylase-mediated malonyl CoA generation, the fibrates accomplish 
this through direct inhibition of CPT-I itself. 

The isoprenoid-related antiproliferative effect is consistent with 
available evidence. In contrast, while the hypothesized, indirect, fatty acid 
biosynthesis-mediated antioxidant effect of SREBP-2 is highly plausible, 
it awaits experimental testing. If validated, it would not only help to 
clarify the mechanism underlying this increasingly important 
pharmacological effect of the statin hypolipidemic agents (see Chapter 
15.5.: Metabolic Determinants in Alzheimer Disease: Synthesis), but in so 
doing would provide additional strong support for a broadly important 
connection between fatty acid oxidation and oxidative stress. Moreover, 
the hypothesized mechanism could account for the unexpected and 
incompletely understood inhibition of atherosclerosis in mice by a 
synthetic LXR ligand despite only minimal changes in plasma lipids 164 ; in 
this instance LXR ligand-induced SREBP-lc activation would promote 
fatty acid synthesis-associated, malonyl CoA-mediated, suppression of 
mitochondrial fatty acid oxidation. Finally, atorvastatin was shown to 
inhibit the expression of NADPH oxidase components as a consequence 
of impaired prenylation 165 . 

In addition to their relationship to atherogenesis, fatty acid effects on 
vessel wall function may also contribute to the complex pathogenesis of 
arterial hypertension. Important linkages are suggested by the 
association of CD36 inactivation with both insulin resistance and arterial 
hypertension in the spontaneously hypertensive rat, in which elevated 
plasma [FFA] contribute to insulin resistance 166 ' 167 . While less conclusively 
established, FFA effects on vascular tone and reactivity may be mediated 
in part through fatty acid oxidation-induced ROS generation with 
attenuation of nitric oxide synthase-dependent vasodilation, interaction 
with the angiotensin II receptor, and glucocorticoid effects 5,165 ' 168 " 170 . 

7.4.2. Adverse Effects of Fatty Acid Oxidation-Induced ROS 
in Various Organs 

Increases in plasma [FFA] — and thus in cellular fatty acid uptake 
and abundance — foster increased mitochondrial fatty acid oxidation and 
ROS generation. By this mechanism, they may contribute over time to 
the dysfunction of both cardiac myocytes 21 ' 105 ' 111 ' 116 and pancreatic islet 
beta-cells 111 119 that are associated with obesity, insulin resistance, cardiac 
failure, and diabetes mellitus. This pathogenetic mechanism would also 
account for the protective antioxidant effect of agents that uncouple 
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oxidative phosphorylation 38 ' 42 , such as the protonophore carvedilol in the 
cardiac myocyte 180 and UCP2 in the pancreatic beta cell 181 . Similar effects 
of fatty acids may mediate the altered islet (3 cell metabolism and 
energetics that characterize type II diabetes mellitus, that are induced by 
PPARy-coactivator-la (PGC-la) 182 , and that are opposed by 
sulfonylurea-induced inhibition of CPT-I 183 . It also is consistent with the 
protection afforded by the wg/Wnt-like mediator of PI3K signaling 
Akt/PKB 184 , possibly including its recently recognized linkage to SREBP 
activation 158 ' 185 (also, see Chapter 4.4.: Fatty acids, Modulation of Cell 
Growth, and the AMP-Activated Protein Kinase). Fatty acid oxidation- 
induced mitochondrial oxidative stress may also contribute to the 
progressive type II diabetes mellitus-like syndrome that precedes 
hyperglycemia and diminished insulin secretory capacity associated with 
impaired frataxin activity in Friedreich's ataxia and an animal model of 
the disease 186 . Although non-oxidative fatty acid metabolism has been 
implicated in “lipotoxicity”, i.e., lipid-associated cell injury " , 

lipotoxicity in recent cell culture studies was inversely correlated with 
fatty acid incorporation into triacylglycerols 28 ; while this implies a direct 
relationship between lipotoxicity and fatty acid oxidation, the latter was 
not quantified in that report. Fatty acyl CoA thioesters may also perturb 
beta-cell function and insulin secretion non-oxidatively, through 
activation of the ATP-regulated K + channel 190 . In liver, oxidative stress 
generated at both mitochondrial and extramitochondrial (e.g., 
peroxisomal) sites as the result of excess hepatocellular abundance and 
oxidation of fatty acids is likely to contribute importantly to the 
pathogenesis of nonalcoholic steatohepatitis 35 191 193 . In addition, oxidative 
stress associated with excessive fatty acid oxidation may induce genomic 
instability — potentially self-perpetuating 194 — promoting mutagenesis, 
and thereby contributing to the demonstrated association of 
hepatocellular carcinoma with diabetes mellitus 80 ' 195 ' 196 , and of cancer in 
general with obesity 197 . Tumorigenesis would be further augmented by 
nicotine-induced activation of PI3K/Akt/PKB signaling 198 . In brain, 
available evidence is consistent with the hypothesis that sustained 
increases in plasma FFA, acting directly and via augmented ketogenesis in 
brain astrocytes, may play an important role in the pathogenesis of 
Alzheimer disease (see Chapter 15: Pathogenesis of Alzheimer Disease: 
Metabolic Factors). 

7.4.2.I. Ischemia-Reperfusion Injury and Heat Shock/Stress Response 

Fatty acid oxidation-induced intramitochondrial ROS generation may 
account to a large extent for the oxidative stress associated with ischemia- 
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reperfusion injury 199 202 and for the ROS-dependent mitochondrial K ATP 
channel activation that is associated with preconditioning-induced 
protection 203 . Fatty acid oxidation-dependent generation of ROS would 
also be consistent with the protection afforded both by inhibition of 
mitochondrial fatty acid oxidation 204 ' 207 and by the heat shock/stress 
response. The latter reflects in part a PI3K- mediated transcriptional 
activation of heat shock factor (HSF1) 208 and the interaction between 
small heat shock proteins (Hsp) and intermediate filaments" " . The 

latter linkage would be expected to modulate CPT-1 activity, and thereby 
to suppress mitochondrial fatty acid oxidation" ’ (also, see Chapter 4.4.: 
Fatty acids. Modulation of Cell Growth, and the AMP-Activated Protein 
Kinase), consistent in the case of mild heat shock with cyclin D1 
expression and cell cycle progression 214 . In addition, induction of Hsp 
expression" , together with that of UCP ’ , would serve to mitigate the 
adverse effects of ROS, likely reflecting in part stabilization of Akt/PKB 
by Hsp27 217 and Hsp90 218219 , and contributing importantly to the 
protective effect of preconditioning. As noted above (see Chapter 5.2.1.: 
PPARa), further evidence of the importance of a mitochondrial origin of 
ROS in macrophages is provided in dramatic fashion by the inverse 
relationship between ROS and expression of UCP: deletion of UCP 
expression augments both ROS generation and killing of parasites 220 . 

7.4.2.2. Paradoxical Benefits of Adversity 

In addtion to ischemic preconditioning, the foregoing concepts also 
provide an explanation for certain unexpected phenomena, such as the 
protection against ischemia/reperfusion injury that is afforded by brief 
antecedent heat shock as well as the longer term cardioprotective 221 and 
neuroprotective" "’ benefits provided by regular intake of small 
amounts of ethanol. A plausible explanation for such effects may be that 
small quantities of ethanol 224 , heat shock, and ischemic preconditioning 
cause immediate, limited, and transient increases in mitochondrial 
electron transport chain electron abundance, thus predisposing to ROS 
generation 225 . With ethanol, the electron excess derives principally from 
alcohol dehydrogenase- and aldehyde dehydrogenase-generated 
NADH 224 , whereas in ischemic preconditioning insufficient oxygen is 
available to dispose of what otherwise would represent a relatively normal 
electron load. The pivotal role of ROS in preconditioning is strongly 
supported by the concentration-dependent protective effect of H 2 0 2 itself 
against ischemia/reperfusion injury 226,227 . In the special case of heat shock, 
increases in electron transport chain flux and ROS generation are to be 
expected as the result of the recognized exponential effect of temperature 
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on biochemical reaction rates generally. Thus, assuming an approximate 
doubling of reaction rates for each 10°C increase in temperature - i.e., a 
Q 10 of 2 228 - a 5°C increase to 42°C, as is commonly employed in such 
experiments, could increase electron flux by approximately 70% relative 
to that at 37°C, with corresponding increases in ROS generation. Similar 
considerations may also account for the neuroprotective effects of 32°C 
hypothermia (a 5°C decrease), in which an anticipated 30% reduction in 
electron transport chain flux would be expected to correspondingly 
diminish ROS generation 229 . 

Because the otherwise adverse consequences of ischemic 
preconditioning, brief hyperthermia, and moderate ethanol ingestion are 
limited in both duration and intensity, they are not lethal. Instead, their 
dominant effect may be to elicit ROS -mediated induction of defensive 
survival responses as discussed above, that in limited ethanol use may be 
repeated and sustained. These consist of: 1) activation of PI3K- and 
NFicB-mediated suivival signaling 230,231 (also, see Chapter 3.3.2.: 
Wingless/Wnt-Like Signaling: Convergence of Antecedents and the 
Unpredictable, and Chapter 8.4.1.: Effects of Proinflammatory 

Cytokines: TNFa vs. Insulin), including stabilization of Akt/PKB by 
Hsp27 217 and Hsp90 218 ' 219 , and PI3K/Akt/PKB-activated glycolytic fueling 
of the citric acid cycle (e.g., via mitochondrial-bound hexokinase and 
inhibition of GSK3|3); and 2) expression of uncoupling and heat shock 
proteins, resulting in dissipation of intramitochondrial ROS (via 
uncoupling proteins), and suppression of the mitochondrial permeability 
transition 232 and of fatty acid oxidation-induced ROS (via heat shock 
protein- and intermediate filament-mediated constraints on CPT-I). A 
recently reported protective effect of low-dose TNFa against 
ischemia/reperfusion injury 231 may involve similar mechanisms. 

It is of additional interest that heat stress-induced Hsp70 expression 
attenuates TGFjJ-induced changes that include decreased hepatocellular 
A'Pn,, increased ROS generation, activation of NFkB, and apoptosis 233 . 
These protective responses against TGFJ3 effects provide additional 
evidence consistent with the concept that they depend at least in paid on 
its augmentation of mitochondrial fatty acid oxidation 234 (also, see 
Chapter 6.3.: Transforming Growth Factor-^). 

Importantly, the foregoing formulation, even if valid, would 
presumably apply only to those cells and tissues that are capable of 
mounting the requisite antioxidant defensive response, and to those 
circumstances in which increased ROS abundance is induced by an 
endogenous departure from physiological conditions (e.g., temporary 
thermal or ischemic stress) or by an exogenous agent that is locally and 
rapidly degradable (e.g., ethanol in moderate amounts). In contrast, for 
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those circumstances in which cellular antioxidant defensive response is 
limited (e.g., brain neurons), or in which oxidative stress is imposed by a 
locally non-degradable xenobiotic which impairs mitochondrial function 
(e.g., many sedative/hypnotic drugs), repeated exposure even if brief may 
exert cumulative effects that are deleterious, rather than beneficial. The 
special case of neuron-astrocyte interaction in antioxidant defense is 
discussed later in this work (see Chapter 13.4.1.: Astrocyte-Neuron 

Interaction and Oxidative Stress; and. Chapter 15.5.: Metabolic 

Determinants in Alzheimer Disease: Synthesis). 

These and earlier considerations also serve to highlight the potentially 
contrasting effects of ROS on cell function and survival. Thus, ROS in 

TIC TTZ 

low abundance may induce cell proliferation* - ’ , and are important 

activators of the survival-promoting transcription factors NFkB and AP- 
1 ' .In hypoxia, ROS effect concentration-dependent inhibition of 
protein tyrosine phosphatase IB 240 ' 241 , leading to activation of survival 
responses, e.g., wg/Wnt-like PI3K/Akt/PKB signaling, and HIFla 
activation 242 " 244 . Moreover, NO-derived peroxy nitrite may activate 
glucose-6-phosphate dehydrogenase and thus the pentose phosphate 
pathway, thereby increasing formation ofNADPH 245 , a critical cofactor in 
antiooxidant defense and in the biosynthesis of fatty acids, isoprenoids, 
and sterols (see Chapter 3.2.: Intermediary Metabolism: General 

Considerations). In contrast, generation of ROS in greater abundance 

Toe OdA / }AQ 

and/or duration may induce apoptotic or necrotic cell death' ’ " or, 
more gradually — over years or decades — to the diverse aging- 
associated complications discussed in the foregoing paragraphs (also, see 
Chapter 15.5.: Metabolic Determinants in Alzheimer Disease: Synthesis). 
Integrated effects of HSF-1 and Forkhead may mediate protective 
responses to these more sustained insults, e.g., fatty acid-associated 
mitochondrial dysfunction 250 , through their activation of heat shock 
proteins (HSF-1) and of antioxidant defenses and cell cycle arrest 
(Forkhead) 251 . 

Finally, it may seem paradoxical that at peak mitochondrial 
energization and its associated high AW m and ATP abundance, electron 
transport chain “leakage” and ROS generation actually increase " . 

This well-documented phenomenon is predictable, given the constraints 
on electron transport chain flux imposed by the implicit decrease in ADP 
availability. Conceivably, it represents an evolutionarily ancient 
“signal”, communicated via the effects of low-level ROS on PI3K and 
wg/Wnt-like signaling discussed above. The signal would indicate that 
mitochondria are maximally energized, and therefore optimally prepared 
to support the enormous increases in energy generation and expenditure 
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required by progression through the mitotic cycle (see Chapter 3. 3. 2. 3.: 
Reactive Oxygen Species). 

As noted, long chain fatty acids may also uncouple mitochondrial 
oxidative phosphorylation through the protonophoric effect of the 

rn oo -ja 

underivatized carboxylic acid ' ‘ . Unlike short chain fatty acids (e.g., 
butyrate, ketone bodies) long chain fatty acids are not converted to acyl 
CoA thioesters in the mitochondrial matrix and therefore do not directly 
undergo |3-oxidation. As is true of other uncouplers, therefore, 
underivatized long chain fatty acids may diminish intramitochondrial 
ROS generation and oxidative stress. In so doing, however, they may 
compromise attainment of the increases in AT ; m and thus in ATP 
synthesis, that are needed to support mitosis. At high rates of 
mitochondrial fatty acid oxidation, moreover, prominent pro-oxidant 
consequences of electron transport chain overload and electron 
“leakage” appear - to override the relatively weak antioxidant uncoupling 
effect of the underivatized long chain fatty acids. 

Clofibrate, a rodent hepatocyte mitogen 





Extramitochondrial 
FA Oxidation 

* 

1 a. 



Jt i 
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Figure 7.2. Growth modulator regulation of rodent hepatocyte fatty acid oxidation. 
Pathway arrow thickness approximates relative activity. Top: Inhibition of CPT-I. and 
thus mitochondrial fatty acid oxidation and ketogenesis, by the peroxisome proliferator 
clofibrate. Although cellular mitochondrial fatty acid oxidation increases absolutely, the 
fatty acid burden is diminished relative to an increased mitochondrial oxidative capacity; 
PPARa-mediated extramitochondrial FA oxidation is relatively enhanced. Bottom: 
Augmentation of mitochondrial fatty acid oxidation and ketogenesis by butyrate, with 
relative suppression of extramitochondrial FA oxidation. Abbreviations — CPT-I: 
carnitine palmitoyltransferase-I; FA: fatty acid; PPARa: peroxisome proliferator- 
activated receptor-a 
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Together, the concepts developed here support a model in which 
mitochondrial substrate oxidation and energization are central correlates 
and decisive determinants in the control of cell growth and cell injury. 
Mitochondrial generation of ROS, importantly influenced by fatty acid 
oxidation, may exert a broad spectrum of effects, depending on its 
intensity and duration. In growth (Fig. 7.2), the model holds that an 
inverse relationship exists between cell proliferation and mitochondrial 
fatty acid oxidation, absolute and/or relative to ATP biosynthesis. As a 
corollary, mitochondrial fatty acid oxidation is subject to modulation by 
agents which influence growth, including both small molecules (e.g., 
clofibrate, butyrate, NSAIDs, co-3 fatty acids) and macromolecules (e.g., 
insulin, TNFa, and TGF(3). The model provides for the metabolic 
versatility and responsiveness implicitly required for precise control of 
growth-related processes under rapidly changing conditions. Its 
operation is demonstrated perhaps most impressively by the 
consequences of 70% hepatectomy. In this setting, an abruptly imposed 
metabolic crisis elicits a response in which previously quiescent 
hepatocytes execute a rapid and timely entry into, and subsequent exit 
from, the mitotic cycle. 
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Chapter 8 

Metabolism and Gene Expression in Liver 
Regeneration 



8.1. INTRODUCTION 

EGF, HGF, and transforming growth factor-a are potent hepatocyte 
mitogens, but their effect in normal animals in vivo is limited or 
inapparent except under conditions in which a not fully characterized 
“priming” factor has rendered hepatocytes competent to proliferate 1 . 
Clues to the nature of this priming, and of the competence which it 
confers, are provided by the metabolic and molecular responses to 70% 
hepatectomy, studied in greatest detail in the rat. Analysis of these 

responses suggests their separation into two more or less temporally and 
functionally distinct phases, the relationship of which to eventual 
hepatocyte mitosis can be understood in terms of the overall model of 
growth regulation that has been presented and developed in the preceding 
chapters. 



8.2. SYSTEMIC METABOLIC RESPONSES TO 70 % 
HEPATECTOMY 

The organism is threatened immediately by a precipitous reduction in 
both the major repository of readily available glucose (hepatic glycogen), 
and the major mechanism for its replenishment (hepatic 
gluconeogenesis). Plasma glucose and insulin fall rapidly, while 
concentrations and secretion rates of glucagon, catecholamines, 
corticosteroids, and other counterregulatory hormones rise 2 ' 3 . These 
responses increase adipocyte hormone-sensitive lipase activity and FFA 
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Figure 8.1. Fatty acid oxidation and gluconeogenesis; suppressed glycolysis and fatty 
acid synthesis. Enclosed areas represent mitochondria. This pattern of substrate 
utilization is antiproliferative. Arrow thickness approximates relative pathway activity; 
dotted line: pathway suppressed during growth arrest. Numbers in parentheses indicate 
approximate yields of ATP from complete oxidation of palmitate (-100), compared (in a 
ketogenic cell, e.g., hepatocyte) with complete diversion to ketogenesis (-20). Fatty 
acids activate PPARa, transcriptionally upregulating both mitochondrial and 
extramitochondrial fatty acid oxidation. When present in excess, fatty acids may override 
malonyl CoA inhibition of CPT-I. Abbreviations — ATP: adenosine triphosphate; CPT- 
I: carnitine palmitoyltransferase-I; EMFO: extramitochondrial fatty acid oxidation (|J- 
oxidation in peroxisomes, to- and w-l -oxidation in endoplasmic reticulum); F26BP: 
fructose-2, 6-bisphosphate; PEPCK: phosphoenolpyruvate carboxykinase; PL: 

phospholipids, i.e., glycerophosphatides; PPARa: peroxisome proliferator-activated 
receptor-a; TG: triacylglycerols; VLDL: very low density lipoproteins. 

release into plasma, a process that is augmented by increased plasma 
[HGF] 4 . The rapid early rise in plasma [ FFA ]' drives an increase in FFA 
uptake per unit mass of the hepatic remnant 6 . 

This starvation-like response is accompanied by changes in glucose 
metabolism in the remaining hepatocytes 7 . Glycogenolysis increases 23 , 
and hepatocellular consumption of glucose (glycolysis) is curtailed. 
These immediately available mechanisms to support increased glucose 
export, and thus plasma glucose concentration, are augmented by 
increased gluconeogenesis (Fig. 8.1). Gluconeogenesis utilizes as 
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substrates amino acids, lactate, and glycerol mobilized from the 
periphery, and is fueled energetically by greatly increased mitochondrial 
oxidation of fatty acids, now abundantly available to the hepatocyte. 
Together, these changes serve to limit the fall in plasma glucose and to 
provide for its rapid restoration toward levels needed to maintain the 
function of the central nervous system. Under these conditions as during 
fasting 8 and in the tumor-bearing mouse studies cited above 9 (also, see 
Chapter 4.2.: co-6 Fatty Acids), the central nervous system would be 
expected to become the major consumer of plasma glucose. This reflects 
suppression of glucose utilization in skeletal muscle and other peripheral 
sites after partial hepatectomy by the combined effects of low plasma 
insulin and high concentrations of counterregulatory hormones and 
FFA . Renal gluconeogenesis and glucose export""' also contribute to 
this early response, as these increase significantly after partial 
hepatectomy 23 and are less susceptible to suppression by insulin than in 
liver 24 . The renal contribution thus accelerates normalization of plasma 
glucose and insulin, and may be essential for the subsequent 
hepatocellular shift from gluconeogenesis to glycolysis that is required 
for cell cycle entry (see this Chapter 8.4.: Ensuing Modulation of 
Systemic and Hepatocellular Metabolism). 

Thus, acute post-hepatectomy starvation-like conditions limit systemic 
glucose consumption as fatty acids become the dominant fuel except in 
the central nervous system. Plasma glucose and insulin levels may be 
improved subsequently in animals with access to food 23 , but restoration of 
glucose supply depends to a large extent on hepatic and renal 
gluconeogenesis, fueled by increased FFA mobilization and increased 
fatty acid uptake and mitochondrial oxidation. Visceral adipose tissue is 
relatively active metabolically and insulin resistant 26 ; thus, despite rising 
insulin levels, it may assume special significance by continuing to provide 
FFA directly to liver via the portal vein. Moreover, although the excess of 
fatty acids with which the hepatocyte is confronted suppresses glycolysis 
and activates AMPK-associated antiproliferative signaling 27 , augmented 
FFA flux may be a necessary antecedent to subsequent hepatocyte 
proliferation. This possibility is suggested by the observation that while 
early administration of exogenous glucose normalizes hepatocellular 
ATP and plasma glucose, insulin, and glucagon, thus suppressing lipolysis 
and plasma FFA concentration 5 , it paradoxically delays both DNA 
synthesis and restoration of hepatic mass 28 ' 29 . An obvious effect of 
exogenous glucose under these conditions is its augmentation of plasma 
insulin levels; in turn, insulin’s supression of adipose tissue hormone- 
sensitive lipase would decrease the availability of essential (co-6) FFA 
required for membrane and eicosanoid biogenesis. The opposite result 
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follows treatment of rats with clofibrate, a peroxisome proliferator that 
through its inhibitory effect on CPT-I activity suppresses mitochondrial 
fatty acid oxidation relative to an increasing mitochondrial oxidative 
capacity (see Chapter 5.2.1.: PPARa). In this case, the resulting 

clofibrate-induced limitation in intramitochondrial generation of ROS, 
and increased hepatocyte extramitochondrial abundance of fatty acids 
(including to-6), accelerates the onset of DNA synthesis and the 
restoration of mitochondrial protein and liver mass after hepatectomy 30 . 
L-FABP expression, required for activation of PPARa 31 , is also increased 
by PPARa, generally parallels that of the extramitochondrial fatty acid 
oxidation enzymes 32 ' 33 , and is increased during regenerative hepatocyte 
mitosis 34 ’ 35 . Expression of the cytochrome P450 4A w-hydroxylase is 
strongly increased 36 , thereby augmenting generation of the long chain 
dicarboxylic fatty acids that also activate the overall PPARa response 32 ' 33 . 
The importance of these pathways is supported by the delay in 
regeneration that is observed in PPARa-null mice 36 . Thus, the initial 
stages of regeneration after partial hepatectomy depend importantly upon 
the availability of increased quantities of FFA, including the ut-6 essential 
fatty acids derived from storage in adipose tissue TG, and presumably the 
long chain dicarboxylic fatty acid activators of PPARa that are generated 
via extramitochondrial oxidative pathways in the hepatocyte. 



8.3. EARLY CHANGES IN HEPATOCELLULAR 
METABOLISM AND GENE EXPRESSION 

The initial starvation-like increases in systemic availability of fatty 
acids and gluconeogenic precursors (e.g., glycerol, amino acids) are 
paralleled by major changes in hepatocellular metabolism and gene 
expression (Figs. 8.1, 8.2). Consistent with diminished insulin effect 37 , 
increased mitochondrial fatty acid oxidation-fueled gluconeogenesis and 
glucose export reflect rapid increases in the expression of PEPCK and 
glucose-6-phosphatase mRNAs 38 ' 39 , which peak within a few hours 40 . 
Conversely, hepatic utilization of glucose (glycolysis), and expression of 
glycolytic enzymes, including glucokinase, PFK2, pyruvate kinase, and 
pyruvate dehydrogenase are suppressed 27 ' 38 " 41 . As discussed earlier, this 
metabolic pattern is directly opposite to that associated with, and required 
for, cell proliferation. In this setting, the significance of an early transient 
increase in nuclear (3-catenin abundance 42 is unclear; its later, more 
sustained, elevation is consistent with the onset of regenerative mitosis. 
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Figure 8.2. Contrasting patterns of intermediary metabolism in cancer cachexia and liver 
regeneration. In early liver regeneration and in hepatocytes of cachectic cancer patients, 
increased mitochondrial fatty acid oxidation is associated with increased gluconeogenesis 
and oxidative stress, and decreased AW m and ATP. In contrast, in late regeneration 
(proliferative) hepatocytes and in cancer cells, glycolysis, ATP abundance, and 

fatty acid synthesis are increased, while fatty acid oxidation is suppressed. Under 
hypoxic conditions, glycolysis in normal and cancer cells is largely anaerobic, survival 
mechanisms are activated, and suppressed fatty acid oxidation implicit (see Chapter 
3.3.1.: Aerobic Glycolysis, Mitochondrial Respiration, and Oxidative 

Phosphorylation). Abbreviations — AV m : mitochondrial inner membrane potential; FA: 
fatty acid; NA: data not available 

The now virtually exclusive hepatocellular dependence on fatty acid 
oxidation for ATP generation 5 is met by increases in FFA supply and 
CPT-I expression 43 ' 44 , and an almost certainly decreased CPT-I 
responsiveness to inhibition by malonyl CoA 45 " 49 , itself limited in 
abundance 50 ' 51 . “Wasteful” export of potentially oxidizable fatty acid 
carbon atoms in the form of ketone bodies is curtailed 43 ’ 52 53 , reflecting 
decreased expression of mitochondrial HMGCoA synthase 43 , and 
preferential utilization of |3-oxidation-derived acetyl CoA in citrate 
synthesis and citric acid cycle-dependent ATP generation 52 . 

However, this abundance of long chain fatty acids exerts adverse 
effects on mitochondrial function, including an uncoupling of oxidative 
phosphorylation 54 " 58 , as well as decreases in AV m , the (3-F1 subunit of the 
ATP synthase 59 " 61 , and the efficiency of ATP generation 59,61 . Thus, cellular 
energy charge falls 5 ' 62,63 . Perturbed electron transport chain function 
under these conditions of high fatty acid oxidation rates 59 ' 6 1 ' 64 " 66 
overwhelms amelioration of ROS formation that might otherwise result 
from the fatty acid uncoupling effect 67 " 71 . Intramitochondrial oxidative 
stress and lipid peroxidation are increased, consistent with fatty acid 
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override of CPT-I control 45 49 and thus increased abundance of electrons 
in the electron transport chain. The resulting increase in electron 
“leakage” and 0 2 ' generation is reflected by increases in 
malondialdehyde concentration in mitochondria 51 and whole liver 50 , and 
in activity of mitochondrial managanese superoxide dismutase 51 , and NO 
generation 72 , as well as by a decrease in mitochondrial glutathione 51,60 . In 
addition, there is evidence of peroxisome proliferation 73 and an increase 
in peroxisomal palmitoyl CoA oxidase activity within 12 hr 74 , supporting 
the concept that augmented cellular fatty acid flux has enhanced PPARa- 
mediated extramitochondrial fatty acid oxidation pathways (i.e., 
peroxisomal (3-oxidation and cytochrome P450 4A oj-hydroxylase and 
P450 2E1 co- 1 -hydroxylase in the endoplasmic reticulum). As a result, 
oxidative stress generated at the electron transport chain is compounded 
by that produced by extramitochondrial generation of ROS 75 76 . 

In addition to the changes in fatty acid oxidative metabolism, 
increased hepatocellular fatty acid flux after partial hepatectomy is 
reflected in substantially increased TG biosynthesis and VLDL secretion 
in the remaining hepatocytes 77 . The initial increase in mitochondrial fatty 
acid oxidation also provides the energy required for gluconeogenesis, 
while inhibiting pyruvate dehydrogenase and glycolysis. Together, these 
conditions sustain the approximately 12-16 hour-long state of growth 
arrest that precedes the start of replicative DNA synthesis. Given the 
energetically precarious state of the hepatocyte that is implied by this 
constellation of adverse effects, it is not difficult to understand the 
mechanistic basis for the lethal consequences of excessive hepatic 
resection, or of transplantation of insufficient liver mass. 



8.4. ENSUING MODULATION OF SYSTEMIC AND 
HEPATOCELLULAR METABOLISM 

Fostered by elevations in plasma FFA, hepatic and renal gluconeogenesis 
are increased and systemic glucose consumption curtailed, thus 
normalizing plasma levels of glucose and insulin 62 ' 78 , and hepatic PEPCK 
expression 79 , within a few hours. By approximately 6 to 12 hours, 
hepatocellular energy charge has reached a nadir 62 and also begins to 
increase as indicators of mitochondrial oxidative stress decrease 51 , further 
suggesting that the relationship of fatty acid availability and oxidation to 
overall mitochondrial fatty acid oxidative capacity also may be 
normalizing (Fig. 8.2). Consistent with this concept, wg/Wnt-like 
signaling is augmented 42 ; mitochondrial DNA, state 3 respiration, 
coupling of oxidative phosphorylation, and the activities of various 
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mitochondrial enzymes increase 64 ' 80 , approximately paralleled by 
ubiquinone abundance 65 . At 12 hours post-hepatectonry, rat liver 
glutathione concentration and synthesis are increased 81 . The evolving 
changes in redox balance as hepatocytes progress toward mitosis- 
competence are consistent with evidence that high levels of oxidative 
stress that inhibit respiratory chain components including ubiquinone 66 
cause cell necrosis or apoptosis; in contrast, lower levels may induce 
growth 82 ' 86 (also, see Chapter 3.3.2.: WinglessAVnt-Like Signaling: 

Convergence of Antecedents and the Unpredictable). 
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Figure 8.3. Glycolysis- and citric acid cycle-fueled biosynthesis of ATP and fatty acid; 
suppressed fatty acid oxidation and gluconeogenesis. This figure represents the 
predominant pattern of substrate utilization in proliferating cells; enclosed areas 
represent mitochondria. Arrow thickness approximates relative pathway activity; dotted 
lines: pathways that are suppressed during cell proliferation. Fatty acids also may be 
derived from plasma. Abbreviations — CPT-I: carnitine palmitoyltransferase-I (shown as 
inhibited by malonyl CoA); EMFO: extramitochondrial fatty acid oxidation (P-oxidation 
in peroxisomes, to- and co— 1 -oxidation in endoplasmic reticulum); F26BP: fructose-2, 6- 
bisphosphate; PEPCK: phosphoenolpyruvate carboxykinase; PL: glycerophosphatides; 
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Augmented hepatocellular utilization of glucose by 24 hours is 
suggested by an increase in de novo fatty acid synthesis 52 , as this process 
depends on both glycolytic and pentose phosphate pathway activity (Fig. 
8.3). Increased fatty acid synthesis despite ongoing fatty acid oxidation 
would appear to constitute a potentially wasteful futile cycle, inconsistent 
with the usually reciprocal activation of these opposing pathways. 
However, the methods utilized in the development of these important 
data 52 would have precluded recognition of the metabolic heterogeneity 
among hepatocytes that reflects sequential initiation of DNA synthesis 
and mitosis from periportal to pericentral regions of the hepatic 
lobule 87 ' 88 . 

By 24 hours, mitochondrial ATP production, coupling of oxidative 
phosphorylation, and A'P,* actually exceed normal resting levels 64 ' 89 " 91 
The associated increase in hepatic oxygen utilization is supported by 
increased extraction of oxygen from sinusoidal blood, and is reflected in 
depression of hepatic venous oxygen saturation to levels below basal 92 . 
The importance of accelerated ATP biosynthesis is supported by the 
observation that in transgenic mice expressing creatine kinase in liver 
(thus providing for an auxiliary cytosolic high-energy phosphate 
reserve), ATP levels, DNA synthesis, and liver weight gain after 70% 
hepatectomy are enhanced 93 . The hepatocyte, up to this stage having 
been committed to fatty acid oxidation-fueled gluconeogenesis and 
growth arrest, is now poised energetically for what is in effect a 180 
degree shift, to glycolysis, fatty acid synthesis, and cell cycle progression 
(Figs. 8.1, 8.2, 8.3). Not surprisingly, the regenerative process may be 
delayed in obese animals and in patients whose livers are steatotic prior to 
partial hepatectomy 94 ; in both settings, prolongation of a fatty acid 
oxidation-induced impairment of growth may be anticipated. 

8.4.1. Effects of Proinflammatory Cytokines; TNFa vs. 
Insulin 

The mechanism by which hepatocytes survive after 70% hepatectomy 
despite the adverse effects of increased fatty acid flux on mitochondrial 
function, and thus avoid the progressive deterioration that is characteristic 
of more extensive hepatic resection 5 , has been unclear. Recent evidence 
suggests that proinflammatory cytokines contribute importantly to this 
survival. Thus, expression and secretion of TNFa and other 
proinflammatory cytokines including IL-1 and 1L-6 are increased after 
70% hepatectomy, and appear to be fundamental to the regenerative 
process 95 ’ 96 , while 1L-6 increases survival of transplanted steatotic livers 97 . 
Kupffer cell release of these mediators is promoted by 1CAM 98 . A role 
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for proinflammatory cytokines is also suggested by TNFa enhancement 
of liver size and 3 H-T incorporation in intact rats", and IL-6 induction of 
mouse hepatocyte proliferation in primary culture 100 . Additionally, 
antibodies to TNFa inhibit hepatocyte proliferation induced by partial 
hepatectomy 101 , and abrogate the protection against TGF(3-induced 
apoptosis otherwise afforded by peroxisome proliferators in hepatocyte 
cultures 102 . Regeneration is also inhibited by deficiency of IL-6 103 or of 
receptors for TNFa (TNFR-1), the latter correctable by administration of 
exogenous IL-6 104 . Gut-derived bacterial lipopolysaccharide (LPS) 
enhances post-hepatectomy Kupffer cell TNFa expression, perhaps 
providing an explanation for the delayed hepatic regeneration observed 
in germ-free animals 95 . However, TNFa clearly has cytotoxic 
potential 105 106 , mediates the adverse effects of lipopolysaccharide 105 106 , and 
disrupts mitochondrial electron transport 107 . Thus, positive participation 
of the proinflammatory cytokines in liver regeneration would seem 
difficult to reconcile with the energy requirements of cell proliferation. 
Advances in the understanding of proinflammatory cytokine biology 
help to clarify this matter 108 . 

TNFa and related proinflammatory cytokines are functionally linked 
to systemic fatty acid metabolism 16 , and adipocyte TNFa expression is 
increased in obesity. Along with elevated plasma [FFA], TNFa 
contributes to systemic insulin resistance, at least in part by inhibiting 
insulin receptor signaling 109 . A more explicit connection to fatty acid 
metabolism is suggested by evidence that adipocyte TNFa expression 
requires expression of aP2, the adipocyte form of cytosolic FABP 110 . In 
view of the importance of Kupffer cells in overall TNFa economy, 
increased TNFa expression after partial hepatectomy may be related, as 
noted, to increased Kupffer cell uptake and utilization of FFA (see 
Chapter 5.2.1.: PPARa; and Chapter 7: Fatty Acids and Mitochondria, 
Cell Growth and Injury: Broader Implications). 

TNFa, IL-1, and IL-6 (and through these mediators LPS) exert 
profound and variably overlapping effects on hepatocellular fatty acid 
metabolism 108 , both in vivo 108 ' 111 ' 112 and in vitro 113114 . These agents 
stimulate lipolysis in adipose tissue 111 , thereby increasing plasma [FFA]. 
The rise in [FFA] drives increased hepatocellular fatty acid uptake, 
despite acutely decreased hepatic expression of L-FABP 115 . The 
cytokines also enhance hepatocyte glycogenolysis, glycolysis 108,112 ' 116118 ' 
and de novo lipogenesis 108 ; as a result, cytosolic malonyl CoA is 
increased 112 , thus inhibiting CPT-I, mitochondrial fatty acid oxidation and 
ketogenesis 112 ' 117 . The cytokine-induced decrease in mitochondrial fatty 
acid oxidation also reflects differential regulation of acyl CoA synthase 
expression, which decreases in mitochondria and increases in the 
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endoplasmic reticulum 119 . After a single acute administration of TNFa to 
normal rats, peroxisomal fatty acid (3-oxidation mRNA, protein, and 
enzyme activity, and PPARa mRNA and protein were inhibited 120121 , a 
finding that appears to be inconsistent with the previously cited evidence 
of increased peroxisomal acyl CoA oxidase activity at 12 hr after partial 
hepatectomy 74 . Accordingly, while such inhibition of the peroxisomal 
system would serve to decrease the utilization of alternative (non-ATP- 
generating) pathways for oxidative metabolism of long chain fatty acids, 
the relevance of these observations in normal animals to the complex 
evolution of events following hepatectomy is unclear. 

Thus, under the influence of the proinflammatory cytokines and 
greater availability of glucose, hepatocellular cytosolic fatty acid 

abundance is increased: augmented FFA uptake from plasma and de 
novo biosynthesis acting in concert with decreased mitochondrial fatty 
acid oxidation, favor diversion of fatty acids toward esterification 

pathways. In the setting of systemic infection, similar 
compartmentalization accounts for the recognized proinflammatory 
cytokine-induced increases in TG biosynthesis, VLDL TG secretion, and 
hypertriglyceridemia 111 . In the residual post-hepatectomy hepatocyte, 
such changes would serve to promote formation of the 

glycerophosphatides 114 required for membrane biogenesis and lipid 

signaling 122 . Moreover, similar to the effects of insulin and peroxisome 
proliferators, proinflammatory cytokines decrease mitochondrial matrix 
reducing potential, as reflected in decreased ratios of [(3- 

hydroxy butyrate] to [acetoacetate] and of [NADH] to [NAD] 112,118 ; these 
favorable redox changes are associated with increases in state 3 
respiration and ATP generation 118 . These circumstances, which are 
consistent with proinflammatory cytokine-induced inhibition of 
mitochondrial fatty acid oxidation, imply a relative or absolute increase in 
glycolysis and approximate the metabolic requirements for cell 
proliferation. In the setting of partial hepatectomy, however, sustained 
increases in hepatocellular fatty acid abundance could override malonyl 
CoA inhibition of CPT- 45 ' 49 , suggesting that one or more additional 
factors, e.g., malonyl CoA-independent cytoskeletal regulation of CPT- 
I 123 124 , may be required to constrain mitochondrial fatty acid oxidation in 
this situation. 

In the aggregate, available evidence indicates that TNFa and other 
proinflammatory cytokines inhibit fatty acid |3-oxidation while enhancing 
glycolysis, mitochondrial energetics, lipogenesis, and fatty acid 
esterification. In these respects they resemble the effects of other growth 
promoters such as insulin and the peroxisome proliferators. However, the 
cytokine effects are unlikely to be mediated by changes in plasma insulin. 
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as they are also observed in cell culture 113 and because high 
concentrations of TNFa are required to increase insulin levels in 
vivo 117125 . Thus, the hepatocellular effects of proinflammatory cytokines 
are directly conducive to cell proliferation: they support the state of 
increased glycolysis and lipogenesis that prevails when DNA replication 
begins after partial hepatectomy, while contributing to suppression of the 
high rates of mitochondrial fatty acid oxidation and gluconeogenesis that 
prevail during the initial period of growth arrest. 

These effects of TNFa — increased glycolysis and lipogenesis, with 
suppression of mitochondrial fatty acid oxidation — are also among the 
most characteristic and important consequences of insulin signaling. 
Given this, the fact that TNFa actually interferes with insulin signaling 
and induces insulin resistance suggests that TNFa may be acting as a 
substitute for insulin. This unusual regulatory interaction may serve to 
take advantage of what may be the most significant and profound 
difference between the two agents in this context: that is, in contrast to 
insulin’s suppressive effect on adipocyte lipolysis and FFA mobilization, 
TNFa potently activates these processes. In so doing, TNFa promotes the 
implementation of two fundamental and obligatory components of cell 
proliferation: 1) similar to insulin, a supportive intracellular metabolic 
and energetic milieu; and 2) in contrast to insulin, an augmented 
availability of adipocyte-derived essential co-6 and other fatty acids 
required for membrane and eicosanoid biogenesis. 

The fact that TNFa and other proinflammatory cytokines have 
salutary effects on hepatocyte metabolism, energetics, and growth 
potential, despite the ability of TNFa to disrupt mitochondrial electron 
transport and induce cell death 107 126 " 129 , implies that the cellular impact of 
these agents must be the resultant of several factors. These likely include 
a protective effect of cytokeratins 8 andl8 130,131 , cytokine doseage 116 - 132 ' 133, 
modulation by various growth factors 129 and/or NO 72 ' 133 " 136 , effects of 
dietary cn-3 fatty acids and possibly eicosanoids 137 138 , species/strain, age 139 , 
and in vivo vs. in vitro conditions. Of particular significance in this 
context is evidence that TNFa activates NFkB 140 142 As discussed above 
(see Chapter 5.3.: Mitochondrial Function in Apoptosis), this presumably 
reflects TNFa signaling-induced activation of PI3K and Akt/PKB 143 , 
and/or non-lethal impairment of the electron transport chain with 
resulting generation of low level ROS 144-146 . NFkB in turn transcriptionally 
upregulates expression of genes important in redox regulation including 
iNOS 147 , COX2 148 , Bcl-2, Bcl-xL 149 and the Bcl-2 homolog Bfl-l/Al 150 ; it 
may also contribute to the TNFa-induced expression of UCP2 in the 
regenerating post-hepatectomy liver 151152 . These NFicB-mediated 
responses protect diverse cells and cell lines from TNFa/TNFRl -mediated 
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cytotoxicity. Moreover, activation of NFkB participates in mediating the 
anti-apoptotic effect of insulin in CHO cells 153 and of insulin-like growth 
factor-1 in neuronal cells 154 . NFkB also mediates 

sphingomyelinase/ceramide induction of iNOS, and thereby inhibition of 
caspases by NO in astrocytes, MCF-7 adenocarcinoma cells, and 
hepatocytes 155 ' 157 . Indeed, iNOS is essential for normal liver regeneration 
after partial hepatectomy 136 , indicating the critical importance of its role in 
suppressing apoptosis 158 . Its diverse effects suggest that NO may function 
directly or indirectly to buffer redox changes, perhaps in part through 
modulation of the electron transport chain 159 . 

The critical dependence of the NFkB - mediated survival and 
proliferative arm of TNFR1 signaling on PI3K/Akt/P1B 143 may render it 
vulnerable to inhibition by fatty acid excess, as is the case with insulin 
receptor signaling 111517 " 21160 (also, see Chapter 3.3.2.: Wingless/Wnt-Like 
Signaling: Convergence of Antecedents and the Unpredictable). It is 
likely that such inhibitory interaction would be strongly manifest during 
the early hours after partial hepatectomy, when hepatocellular fatty acid 
abundance, fatty acid oxidation, and oxidative stress are prominent (see 
this Chapter 8.3.: Early Changes in Hepatocellular Metabolism and Gene 
Expression), and that this would contribute to the delayed initiation of 
cell cycle progression and replicative DNA synthesis that characterize this 
period. As a corollary, it may generally be the case that selection between 
alternative TNFR1 signaling pathways — i.e., survival- and growth- 
promoting vs. cell death-initiating 161 , reflects an important modulating 
influence of varying fatty acid-induced suppression of P13K/AKT/PKB 
(see Chapter 5.3.: Mitochondrial Function in Apoptosis). 

As NFkB activation is an early consequence of both partial 
hepatectomy 162 and, less consistently, peroxisome proliferator-induced 
mitogenesis 163 164 , its largely transcriptionally activated redox-related 
protective effect may account for the growth enhancement by TNFa that 
otherwise would be difficult to comprehend. Consistent with this 
formulation is evidence that inhibition of NFkB binding to DNA 
decreased mitosis and increased apoptosis during liver regeneration 165 . 
Not explainable by this interpretation, however, is the obervation that, 
while 1L-6 administration corrected the impaired regenerative DNA 
synthesis in TNFR-1 knockout mice, it failed to increase NFkB binding to 
DNA 104 . This suggests that other factors, e.g., redox balance, or activity of 
Bcl-2 and/or Bcl-xL 149 166 167 , may have contributed to a putative protective 
effect. If so, such an effect would depend not only on abundance of the 
anti-apoptotic protein, but also on its phosphorylation state and/or its 
interaction with other moieties, possibly including other members of the 
Bcl-2 protein family 168 . The availability of diverse alternative protective 
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mechanisms may account for the recent observation that hepatocyte- 
specific inhibition of NFkB does not lead to apoptosis in post- 
hepatectomy regenerating hepatocytes 169 . 

8.4.2. Completion of Regeneration and Cell Cycle Exit 

After up to three rounds of mitosis, hepatocytes exit the cell cycle. 
There is no evidence that the return to a state of growth arrest is initiated 
by a specific mechanism or signal, and therefore may at least in part 
represent gradual normalization of those factors that initially led to cell 
proliferation. Given their large number, including changes in plasma 
levels of glucose, FFA, insulin and other hormones, growth factors, and 
cytokines, and in functions more specifically hepatocellular, 
normalization of any or all could be involved. Among them, however, 
evolving systemic and hepatocellular fatty acid metabolism may be 
dominant. In particular, whereas mitochondrial fatty acid oxidation 
increased initially, in response to dramatically increased FFA mobilization 
and in support of systemic requirements for augmented gluconeogenesis, 
the subsequent insulin-mediated suppression of FFA mobilization 
decreased hepatocellular fatty acid availability. As the antilipolytic effect 
of insulin diminishes availability to the hepatocyte of essential cn-6 fatty 
acids stored in adipose tissue, it may contribute significantly to the 
antiproliferative effects of glucose administration on hepatic 

tumorigenesis in glycogen storage disease type 1 170,171 and early after 
partial hepatectomy 2S ' 29 . The manner in which the overall regenerative 
process may be subject to modulation by an apparent inteiplay between 
insulin and TNFa awaits more complete characterization. 

Full understanding of these complex interactions will require further 
elucidation of the mechanism by which cell metabolism and energetics 
are transduced to effect cell cycle regulation. The significance of this 
evolutionarily conserved connection is exemplified in yeast by the SNF-1 
gene 172 . It is strongly suggested in mammalian cells by the SNF-1 
homologue AMPK and wg/Wnt-like signaling cascade, by numerous 
ATP-dependent protein synthetic, phosphorylative, and degradative 
reactions required for cell cycle progression, e.g., those involving the 
cyclins, retinoblastoma protein, p27 Kipl , and the actin cytoskeleton 173 177 , 
and by the conservation of substrate and energy implicit in normal M- 
phase phosphorylation-induced inactivation of poly(A) polymerase and 
thus of protein synthesis 178 . 
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Chapter 9 

Part II Conclusions 



The foregoing analysis supports a model in which regulation of cell 
growth, injury, and death are linked to cell metabolism. Five principles 
emerge as central elements of the model: 

1. Cell cycle progression and mitosis require dramatic increases in the 
availability of specific nutrients and in the generation of chemical energy 
(ATP) to execute obligatory biosynthetic, translocational, regulatory, and 
signaling processes. 

2. Substrate and energetic requirements of aerobic cell proliferation 
are met predominantly by glycolysis, the pentose phosphate cycle, and 
the citric acid cycle. These sustain the increases in A'Fn,, and thus 
augmented rates of oxidative phosphorylation (mitochondrial ATP 
biosynthesis), that are characteristic of most proliferating cells. Glucose 
also provides carbon atoms and cofactors such as reduced pyridine 
nucleotides that are required for maintenance of redox balance and for 
essential biosynthetic reactions, including those for fatty acids, 
isoprenoids, and sterols. Important exceptions, which accomplish the 
same overall objectives, include glutamine-derived 2-oxo-glutarate and, 
under hypoxic conditions, generation of ATP via anaerobic glycolysis. 

3. Fatty acids are potentially usable as fuel. Flowever, their increased 

tissue abundance and mitochondrial oxidation inhibit glucose uptake, 
glycolysis, pyruvate dehydrogenase, and glycolytic fueling of the citric 
acid cycle, and predispose to ROS generation and oxidative stress. Long 
chain fatty acids may also uncouple oxidative phosphorylation, thereby 
compromising and the efficiency of ATP biosynthesis. Moreover, 

fatty acids are required in proliferating cells for membrane and 
eicosanoid biogenesis. Consistent with this, biosynthesis of fatty acids is 
coordinately upregulated with that of isoprenoids and sterols at both 
transcriptional and post-transcriptional levels. As a corollary, 
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extravagances such as augmented fatty acid oxidation in mitosis would 
seem unlikely to have survived as evolutionarily advantageous, given the 
historical unpredictability of nutrient availability, the highly efficient 
energy burst required for rapid transit through the later stages of the 
mitotic cycle, and the mitosis-associated increases in cellular fatty acid 
requirement. Instead, mechanisms have evolved that inhibit 
mitochondrial fatty acid oxidation in dividing cells, thereby both 
increasing the oxidation of glucose and the efficiency of energy 
generation, while conserving needed fatty acids. Accordingly, fatty acid 
utilization in cells undergoing mitosis appeal's to be principally anabolic, 
i.e., for biogenesis of eicosanoids and the lipid bilayers that define the 
very existence of daughter cells and organelles. 

4. Consistent with the foregoing principles, factors that promote 
growth, e.g., peroxisome proliferators, insulin, and proinflammatory 
cytokines, limit mitochondrial oxidation of fatty acids relative to 
mitochondrial oxidative capacity while increasing glycolysis and — 
under normoxic conditions — A'P m and oxidative phosphorylation. 
Growth promotion by co-6 fatty acids appeal's to reflect early generation 
of eicosanoids, cell membranes, and limited, growth-supporting quantities 
of ROS. Conversely, factors that arrest growth or induce apoptosis, e.g., 
butyrate, TGF|3, salicylate, and d)-3 fatty acids, relatively or absolutely 
enhance mitochondrial fatty acid oxidation, thereby inhibiting glycolysis, 
compromising A'P m and the efficiency of oxidative phosphorylation, and 
potentially generating excessive ROS and oxidative stress. The model 
thus implies a cellular compartmentalization of fatty acids in which their 
relative or absolute utilization as mitochondrial oxidative substrates is 
inversely related to cell proliferation. Available evidence suggests that the 
survival and proliferative arm of this overall regulatory mechanism 
depends importantly on wingless/Wnt-like PI3K/Akt/PKB signaling and its 
diverse cellular interactions, including the multicomponent VDAC 
complex at the contact sites between inner and outer mitochondrial 
membranes. In the antiproliferative arm, in contrast, the AMP-activated 
protein kinase appears to play a significant role. As discussed, aspects of 
this general formulation would not apply to glycolysis-fueled hypoxic 
proliferation in certain cell populations (in which suppressed fatty acid 
oxidation is implicit), nor to normal colonic epithelium in which cell 
metabolism and growth regulation are uniquely influenced by interaction 
with resident bacterial flora and a short-chain fatty acid-enriched milieu. 

5. It is deal' that increased availability of substrates and cofactors 
alone is not sufficient to promote cell proliferation. Thus, when fatty 
acids are present in excess within the cell — e.g., resulting from the 
elevated plasma FFA associated with fasting, obesity, insulin resistance, 
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diabetes mellitus, fatty liver, HIV infection, or nicotine exposure — they 
may override the normally limiting effect of malonyl CoA on CPT-I 
activity. As a result, mitochondrial (3-oxidation of fatty acids is 
accelerated, inhibiting glucose uptake and glycolysis, attenuating 
and predisposing to ROS generation, thereby potentially fostering 
genomic instability and carcinogenesis. Acting via differing mechanisms, 
CO-3 fatty acids, salicylate, and the “statin” hypolipidemic agents, 
suppress both cell proliferation and oxidative stress in the implementation 
of their protective effects. Trans fatty acids less readily undergo 13- 
oxidation in mitochondria, compared with their cis analogs, and therefore 
are more likely to enter the H 2 0 2 -generating peroxisomal |3-oxidation 
pathway. 

The model implies a setting in which ordinary energetic demands, and 
especially those of the cell cycle, are imposed upon populations of cells 
that are inevitably heterogeneous in regard to their capacities to generate 
energy, constrain or neutralize oxidative stress, and adapt to 
microenvironments. Together, these elements comprise a microcosm in 
which natural selection would favor cell cycle completion and lineage 
survival of the“fittest” genotypes and/or epigenetically-regulated gene 
expression patterns. Under certain conditions, interaction among these 
elements may contribute importantly to tumorigenesis. The model is 
supported by a wide variety of experimental observations, including 
studies of mitochondrial energetics, intermediary metabolism, and gene 
expression in proliferating, growth arrested, and apoptotic cells. 

The model also suggests several corollaries that are appropriate issues 
for further investigation: 

1) Failure of the cell to marshal the metabolic and energetic 
requirements for cell cycle progression will arrest growth, or may induce 
apoptosis despite (or precipitated by) activation of growth-promoting cell 
signaling pathways. 

2) Conversely, a growth-promoting metabolic profile may be 
sufficient, per se, to initiate cell cycle progression. This occurs in yeast 
and other micro-organisms, and may also characterize early 
embryogenesis and the development of certain neoplasms, e.g., 
consequent to peroxisome proliferator administration in rodents and in 
human glycogen storage disease, type I. 

3) The model may provide a theoretical basis for development of 
new methods to characterize the growth regulatory, tumorigenic, and anti- 
tumorigenic potential of endogenous and exogenous agents. 

4) The model may permit alternative approaches to the 
understanding and control of cell growth in several clinical settings. 
These include: a) management of large hepatic resections, fulminant 
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hepatic failure, and small-for-recipient-size liver transplantation; b) initial 
hyperplasia and subsequent programmed death of pancreatic islet P-cells 
in insulin-resistant states; c) elucidation of the relationship of 
carcinogenesis to fat and calorie intake, obesity, and nicotine; d) 
pathogenesis, prevention, and treatment of cancer; and e) regulation of 
hematopoiesis and of immunocyte population kinetics. 

5) Integral to the model are selected concepts that may prove 
applicable to an understanding of other incompletely resolved basic and 
clinical questions. Thus, whereas transient and/or low grade generation of 
ROS may activate survival and growth responses, sustained and intensive 
fatty acid oxidation-induced intramitochondrial oxidative stress in 
specific cell populations may represent a fundamental element in the 
pathogenesis of diverse forms of cell and tissue injury. This dichotomous 
mechanism may be expecially important, e.g., in the regulation of 
placental, embryonic, and fetal development, the pathogenesis and 
mitigation of the endothelial lesion of atherosclerosis, nonalcoholic 
steatohepatitis, ischemia-reperfusion injury, aging, and, as discussed in 
Part III, neurodegenerative disorders. 
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NEURONAL FUNCTION AND ALZHEIMER 
DISEASE 




Chapter 10 

Introduction to Part III 



In Part III, the influence of local and systemic metabolic factors on 
neuronal function and injury in brain is examined. Particular emphasis is 
placed on the critically important interactions between glucose utilization 
and the consequences of fatty acid oxidation, and between neurons and 
astrocytes. Energetically and metabolically, neuronal activation bears 
certain similarities to cell cycle progression in non-post-mitotic cells (see 
Chapter 3: Nutrient and Energy Metabolism in Cell Proliferation). Thus, 
neuronal activation and synaptic function require accelerated and highly 
efficient aerobic glycolysis-fueled mitochondrial ATP generation and 
winglessAVnt-like (wg/Wnt-like) signaling. While it has long been 
recognized that glucose is essential for optimal brain function, it is also clear 
that full understanding of the role and regulation of glucose utilization in 
brain in health and disease requires consideration of other potential energy 
sources, and of the factors that govern their interactions. Particularly 
important in this regard are the ketone bodies, i.e., acetoacetate and (3- 
hydroxybutyrate. While plasma ketone bodies may substitute for glucose as 
a source of brain energy during starvation, their utilization has certain 
unfavorable characteristics, as discussed below. Despite this, ketone bodies 
are utilized by brain in preference to glucose in both non-fasted and fasted 
subjects. As a corollary, utilization of glucose in brain is governed not only 
by neuronal activation and vascular glucose supply, but also by the 
availability of ketone bodies. 

The brain also takes up plasma free fatty acids (FFA), a significant 
fraction of which undergoes mitochondrial (3-oxidation. Except for those 
hypothalamic neurons involved in neuroendocrine and metabolic regulation, 
however, fatty acid oxidation in brain occurs primarily in astrocytes and 
other glial cells (see Chapter 12: Utilization of Oxidizable Substrates in 
Brain). Moreover, astrocytes resemble hepatocytes in that their 
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mitochondrial oxidation of fatty acids may support the generation of ketone 
bodies, which are exported from the cell. In liver, newly synthesized ketone 
bodies enter hepatic sinusoidal plasma and the systemic circulation. In 
brain, in contrast, ketone bodies exported from astrocytes represent an 
alternative fuel that may be used directly, and in preference to glucose, by 
nearby neurons. As a consequence, glucose utilization and other aspects of 
metabolism and function in these neurons would be subject to modulation by 
seemingly extraneous influences, such as systemic and astrocytic fatty acid 
metabolism and ketogenesis. 

Based on these and other considerations to be discussed, it is 
hypothesized that ketone bodies synthesized both locally (in astrocytes) and 
systemically (in hepatocytes) may represent an important source of energy 
that supports brain function, not only under conditions of starvation, but also 
in other circumstances in which systemic and/or local ketogenesis is 
increased. Unfortunately, mitochondrial oxidation of ketone bodies is 
energetically less favorable than that of glucose in that they may exert an 
uncoupling-like effect on oxidative phosphorylation (ATP biosynthesis), and 
may predispose to the generation of ROS and therefore oxidative stress. 
Accordingly, in pre-empting neuronal glucose utiliztion by the neuron, 
ketone bodies may compromise neuronal energetic efficiency and, together 
with both endogenously generated and diffusible ROS exported by the fatty 
acid-oxidizing astrocyte, promote cell injury. This hypothesized 
phenomenon, reflecting increased fatty acid-driven astrocyte ketogenesis, 
may be especially significant in systemic disorders that are associated with 
increased plasma [FFA] such as obesity, insulin resistance, type II diabetes 
mellitus, and HIV infection. 

In the following analysis, physiological and clinical implications of 
neuron-astrocyte metabolic interaction, and other phenomena related to 
metabolic and energetic aspects of neuronal function, are critically 
examined. Issues addressed in this analysis include the interactions between 
systemic and hypothalamic fatty acid metabolism in regulation of feeding 
behavior, the apparent dissociation between glucose and oxygen utilization 
during neuronal activation, the antiseizure effect of ketogenic diets, the 
diverse effects of lithium, and the mechanisms involved in long term 
potentiation, excitotoxicity, and HIV dementia. Finally, it is hypothesized 
that in Alzheimer disease, regional suppression of neuronal glucose 
utilization may in part reflect adverse consequences of competition between 
glucose and astrocyte-generated ketone bodies. In a hypothetical model of 
this disorder, neuronal oxidative stress and injury induced by excessive fatty 
acid oxidation and ketogenesis in astrocytes, are integrated with genetic 
determinants, P amyloid, and x phosphorylation in a proposed “vicious 
cycle” of disease pathogenesis. 




Chapter 11 

Energetics of Neuronal Activation 



11.1. INTRODUCTION - RELEVANT PRINCIPLES OF 
INTERMEDIARY METABOLISM 

A central theme throughout this analysis will be the importance of 
selective utilization of specific substrates and metabolic pathways in the 
neuronal generation of ATP. The following brief summary highlights 
aspects of intermediary metabolism that are particularly relevant in this 
regal'd. With minor changes appropriate to this neuronal context it 
recapitulates aspects of the summation provided in Chapter 3.2.: 
Intermediary Metabolism: General Considerations. 

Glucose oxidation requires phosphorylation by hexokinase and entry 
into the glycolytic pathway (Fig. 11.1A). Completion of glycolysis with 
formation of pyruvate generates a net of 2 molecules of ATP per 
molecule of glucose. Under certain conditions the process ends here: 
e.g., in myocytes during sustained excercise, pyruvate may substitute for 
oxygen as acceptor of the electrons generated by glycolysis, thereby 
forming lactate which is exported from the cell. This “anaerobic 
glycolysis” is far less efficient than complete oxidation of glucose 
(“aerobic glycolysis”), which depends on a stringent, pyruvate 
dehydrogenase- (PDH)-mediated regulation of the mitochondrial 
oxidation of pyruvate via the citric acid cycle (Fig. 11.1 A and Fig. 3.2, 
facing p. 21). Aerobic glycolysis yields 30 molecules of ATP per 
molecule of glucose, almost all of which are generated by ATP synthase- 
mediated oxidative phosphorylation; the yield from complete oxidation 
of two molecules of lactate is approximately the same. The rate of 
oxidative phosphorylation is driven by the mitochondrial inner 
membrane potential (AW m ), which is maintained principally by the export 
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Figure 11.1. Relevant aspects of intermediary metabolism. Pathway arrow thickness 
approximates relative activity; dotted lines: relatively or absolutely suppressed; enclosed 
areas represent mitochondria. A. Glycolysis- and citric acid cycle-fueled ATP synthesis. 
Complete oxidation of glucose via aerobic glycolysis, pyruvate dehydrogenase, and the 
citric acid cycle, yields 30 molecules of ATP per molecule of glucose. Gluconeogenesis is 
suppressed. B. Fatty acid oxidation. Mitochondrial oxidation of long chain fatty acids 
requires CPT-I-mediated formation of acylcarnitine. Fatty acids present in excess may 
override malonyl CoA inhibition of CPT-I. driving inappropriately augmented 
mitochondrial oxidation. The theoretical maximum yield of ATP molecules from 

complete oxidation of one molecule of palmitate (-100) may be diminished to as little as 
-20 in a ketogenic cell (astrocyte or hepatocyte) by diversion of acetyl CoA formed 
through (3-oxidation to ketogenesis rather than to the citric acid cycle. 
C. Gluconeogenesis. The process is normally fueled energetically by the mitochondrial 
oxidation of fatty acids. Glycolysis is suppressed. Abbreviations — ATP: adenosine 
triphosphate; CPT-I: carnitine palmitoyltransferase-I; F26BP: fructose-2, 6- 

bisphosphate; NADPH: nucleotide adenine triphosphate, reduced form; PCB: pyruvate 
carboxylase; PEPCK: phosphoenolpyruvate carboxykinase; PL: glycerophosphatides; 
TG: triacylglycerols. 

of protons across this membrane by complexes I, 111, and IV of the 
electron transport chain (Fig. 3.2, facing p. 21). 

Fatty acids may also be oxidized in mitochondria to support ATP 
generation, e.g., in liver, muscle, and astrocytes, but not significantly in 
most neurons (important exceptions to be discussed; see Chapter 12.4.3.: 
Fatty Acid Oxidation and Regulation of Feeding Behavior). In this 
process (Fig. 11. IB and Fig. 3.2, facing p. 21), a long chain fatty acid 
(e.g., the 16-carbon palmitate) is converted to its acyl CoA then 
acylcarnitine derivatives. The latter step, mediated by carnitine 
palmitoyltransferase-I (CPT-I), regulates and is required for long chain 
fatty acid entry into the mitochondrial matrix and the (3-oxidation spiral; 
the latter provides electrons to the electron transport chain and generates 
eight 2-carbon acetyl CoAs. Acetyl CoA may then undergo complete 
oxidation to C0 2 and H 2 0 via the citric acid cycle, or (in astrocyte or 
hepatocyte mitochondria) enter a pathway that leads to formation of 4- 
carbon ketone bodies (acetoacetate and (3-hydroxybutyrate) that are 
exported from the cell. A theoretical yield of 106 ATP for each 
completely oxidized palmitate molecule is thus diminished by 
ketogenesis, and further by the inefficiency resulting from uncoupling of 
oxidative phosphorylation (non-ATP synthase-mediated transfer of 
protons back across the inner membrane) that may be caused by 

underivatized long chain fatty acids and other agents. In addition, an 
uncoupling-like effect may be caused by certain substrates that undergo 
oxidation in the mitochondrial matrix, as will be discussed. 

Mitochondrial fatty acid oxidation also inhibits several steps in cellular 
glucose uptake and glycolysis (the “Randle cycle”) 1 " 3 , and in astrocytes. 
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hepatocytes, and renal tubular epithelial cells fuels gluconeogenesis (Fig. 
11. 1C). 

Importantly, control of mitochondrial oxidation of long chain fatty 
acids is less stringent than that of pyruvate oxidation by PDH. As a result, 
at high concentrations they may override the CPT-I control mechanism 4 8 . 
Moreover, ketone bodies and medium/short chain fatty acids freely enter 
mitochondrial matrix oxidative pathways independent of CPT-1. 
Accordingly, higher concentrations of these substrates may drive 
increased rates of p-oxidation while suppressing pyruvate utilization and 
glycolysis by inhibiting PDH and glucose uptake. The resulting increase 
in electron transport chain flux may promote electron “leakage”, 
formation of reactive oxygen species (ROS), and oxidative stress. 

Thus, generation of ATP may be primarily glycolytic or primarily 
dependent on fatty acid oxidation (Fig. 11.1). The latter, less efficient 
and more likely to generate ROS, suppresses glucose uptake, PDH, and 
thus glycolysis; in astrocytes and hepatocytes, mitochondrial fatty acid 
oxidation supports gluconeogenesis and/or ketogenesis. In general, 
neurons oxidize glucose, lactate, ketone bodies, or citric acid cycle 
intermediates to generate ATP, but do not oxidize fatty acids (with 
exceptions to be discussed). Astrocytes are more versatile; not only may 
they oxidize fatty acids in support of ATP generation, but in addition 
may generate glucose de novo via gluconeogenesis, and may export 
lactate and/or ketone bodies. These principles are fundamental to an 
understanding of brain metabolism as related to the following discussion, 
and will be developed further as necessary. 



112. ENERGY-CONSUMING EVENTS IN NEURONAL 
ACTIVATION 

Depolarization of the neuronal plasma membrane represents the 
release of potential energy, previously stored through the establishment 
of transmembrane ion gradients, especially of Na\ K*, and Cl . This 
precipitous event initiates the nerve impulse. As the amount of energy 
made available through depolarization is relatively fixed, an increase in 
signal intensity is achieved only through an increase in the frequency 
with which ion gradients can be repeatedly re-established. This 
frequency not only determines signal amplitude, but may also influence 
its precision 9 and subserve cortical organization of cognitive motor 
processes 10 . 
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Re-establishment of transmembrane ion gradients requires 
expenditure of chemical energy, i.e., consumption of ATP, in an amount 
at least equal to the potential energy that will be consumed in the next 
depolarization and exceeding it to the extent that the overall process is 
inefficient, e.g., as the result of transmembrane ion leakage. Clearly, the 
overall energy cost to the neuron increases with signal amplitude, 
reflecting requisite acceleration of the depolarization/repolarization cycle. 
Additional neurons may also be recruited to participate in the event. 
Increased intensity or duration of the signal, e.g., as would accompany a 
sustained voluntary muscle contraction or seizure activity, would further 
heighten each cell's demand for ATP. That the rate at which ATP is 
made available may become limiting under conditions of such increased 
demand is demonstrated by evidence that ATP concentration in rat brain 
synaptosomes decreases as a result of increased ion pumping, eventually 
reaching a level at which hexokinase kinetics and thus glycolytic activity 
become limiting 11 ' 12 . Decreased cellular ATP concentrations also inhibit 
Ca 2+ -dependent exocytosis of neurotransmitters, while augmenting their 
Ca 2+ -independent transmembrane release 12 . 

The activation-induced demand for increased neuronal ATP 
generation thereby creates a demand for increased availability of 
oxidizable substrate and increased activity of cellular mechanisms for its 
utilization. These demands are met in part through extraneuronal 
processes initiated by the depolarization itself. Thus, a depolarization- 
induced rise in extracellular [K + ], possibly associated with a nitric oxide 
(NO) effect 13 ' 14 , promotes dilation of arterioles in the vicinity, thereby 
augmenting regional blood flow and glucose extraction, brain uptake of 
which is flow-dependent. Importantly, the uptake of ketone bodies and 
FFA is not flow-dependent; thus, their extraction from plasma remains 
relatively constant and therefore diminished relative to the neuronal 
activation-associated flow-dependent increase in glucose uptake. The 
depolarization-induced rise in extracellular [K*] also triggers responses in 
astrocyte function that help support neuronal activation 15 (also, see 
Chapter 13.3.: Amino Acid Metabolism and the Glutamine Shuttle). 



11.3. MITOCHONDRIAL FUNCTION AND THE 
GENERATION OF ATP 

Neuronal activation initiates, and absolutely depends upon, increased 
cellular generation of ATP, i.e., accelerated conversion of ADP to ATP. 
Theoretically, this could be accomplished through anaerobic glycolysis, 
as in exercising muscle in which glucose is converted to lactate; in this 
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situation, lactate is exported and subsequently undergoes oxidation or re- 
conversion to glucose via gluconeogenesis in liver. Although yielding a 
net of only 2 molecules of ATP for each molecule of glucose, anaerobic 
glycolysis is potentially useful under conditions in which glucose (as 
glycogen) is abundant and oxygen is limited, e.g., as in the exercising 
myocyte. In the relatively glycogen-poor neuron, however, the energy 
demands associated with repeated cycles of depolarization and 
repolarization, occurring within fractions of a second, require the far 
more efficient process of oxidative phosphorylation 16 , through which 
complete oxidation of one glucose molecule generates 30 molecules of 
ATP. 

Mitochondrial generation of ATP through oxidative phosphorylation 
(Fig. 3.2, facing p. 21) is driven by, and directly proportional to, the 
electrochemical potential gradient across the inner mitochondrial 
membrane (AVJ. This gradient is generated and maintained by the 
proton-extruding activity of complexes I, III, and IV of the electron 
transport chain. The A l F m drives protons back across the inner membrane 
through the ATP synthase (complex V) where oxidative phosphorylation 
converts ADP to ATP. Development and maintenance of the heightened 
A'Pn, necessary to drive ATP biosynthesis at an increased rate requires 
augmented flow of electrons through the electron transport chain. 
Increased electron flux, in turn, depends both on availability of oxygen 
(as electron acceptor) and on an increase in the utilization of oxidizable 
substrates (as electron donors) to fuel the citric acid cycle 17 ' 18 . As a 
corollary, impairment of the processes upon which mitochondrial 
energetics depend will impair or abrogate neuronal activation, synaptic 
function, and neurotransmission. 

In subsequent chapters, evidence will be discussed which supports the 
concept that the various oxidizable substrates potentially available for 
neuronal energy generation differ substantially in the efficiency with 
which their mitochondrial utilization meets these requirements. As a 
direct corollary, they also differ substantially in their propensity to 
generate intramitochondrial oxidative stress and to induce neuronal 
injury. 
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Chapter 12 

Utilization of Oxidizable Substrates in Brain 



12.1. INTRODUCTION 

As was discussed in Part II, support of cell cycle progression and 
mitosis, and other time- and energy-critical processes, depends on 
utilization of specific substrates. Thus, mere abundance of carbon 
sources is not only insufficient but potentially counterproductive and/or 
deleterious. In the present chapter, evidence indicating that a similar 
selectively is required for energization of neuronal activation will also be 
presented. This selectivity is manifest despite the fact that the major 
oxidizable substrates present in plasma readily enter brain via more or 
less well-defined mechanisms. Furthermore, competitive interaction 
among alternative substrates appears to influence neuronal activity and 
energetic efficiency in health, and potentially contribute to pathogenesis 
of neuronal disease. In contrast to most neurons, glial cells, e.g., 
astrocytes, are able to utilize a broad range of substrates; these differences 
between astrocytes and neurons, and their equally important functional 
consequences, are developed in greater detail in the following chapter. 
Notwithstanding these contrasts, however, available evidence strongly 
suggests that selected populations of brain neurons, especially those 
located in hypothalamic centers involved in neuroendocrine and 
metabolic regulation, exhibit a distinctive profile of substrate utilization, 
differing substantially from that of their counterparts in other brain 
regions that are involved in synaptic transmission. Their distinctive 
metabolic characteristics may be fundamental to their role in regulation 
of feeding behavior. 
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12. 2. GLUCOSE 

Glucose uptake for utilization in brain 1 is mediated by members of a 
family of facilitative glucose transporters 2 . GLUT 1 principally accounts 
for uptake across the blood brain barrier and into astrocytes, whereas 
GLUT 3 predominates in neurons. Kinetic characteristics suggest that 
transport of glucose from interstitial fluid into cells would be more 
efficient for GLUT 3 (neurons) than GLUT 1 (astrocytes), but anatomical 
factors and transporter abundance likely influence these rates in vivo. 
Insulin receptors are widely expressed in brain 3 " 5 , but insulin’s effect on 
glucose uptake has been controversial. Although insulin induces carotid 
artery vasodilation 6 , it does not directly regulate overall glucose uptake 7 ; 
evidence that insulin importantly influences glucose metabolism in brain 
will be discussed (see Chapter 15.4.: Cerebral Metabolism and Insulin 
Signaling). Moreover, neuron-specific disruption of the insulin receptor 
gene caused profound changes in feeding behavior, body fat, and 
reproductive function 8 , while insulin-like growth factor, which utilizes 
similar signal transduction pathways, contributes to regulation of glucose 
metabolism in developing brain 9 . The basis for the dependence of 
normal brain function on glucose is not intuitively apparent, given the 
abundance of other potential substrates. Its importance in this context 
becomes evident, however, upon consideration of the efficiency with 
which glucose oxidation supports mitochondrial respiration, A 1 ! 1 ,,,, and 
oxidative phosphorylation. Two important characteristics contribute to 
this effectiveness. 

First, the overall stoichiometry of glucose oxidation is quite favorable. 
Thus, for each molecule of glucose fully oxidized to C0 2 and H 2 0 
through glycolysis and the citric acid cycle (i.e., aerobic glycolysis), 
approximately 30 molecules of ATP are generated and 6 oxygen 
molecules are consumed 10 . As will be seen, this theoretical ratio of ATP 
molecules generated to oxygen molecules consumed (5.0 for glucose) 
exceeds that for ketone bodies and fatty acids. In anaerobic glycolysis, 
in contrast, only 2 molecules of ATP and 2 molecules of lactate are 
produced for each molecule of glucose utilized. 

Second, and perhaps even more important, several additional factors 
render the overall process of aerobic glycolysis especially efficient. Thus, 
in those cell populations in which high rates of ATP generation are 
required — e.g., neuronal activation and proliferating cells — 
hexokinase, which catalyzes the formation of glucose-6-phosphate and 
thus glucose entry into the glycolytic pathway, is principally associated 
with mitochondria 11 ' 12 . This association comprises a component of the 
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Figure 12.1. Mitochondrial voltage-dependent anion channel (VDAC) components: 
relationship to electron transport chain and generation of reactive oxygen species. While 
detailed structural relationships remain undefined (see Chapter 3.3.1.: Aerobic 

Glycolysis, Mitochondrial Respiration, and Oxidative Phosphorylation), juxtaposition 
of hexokinase to the adenine nucleotide translocase in neurons and proliferating cells 
optimizes kinetics of glucose phosphorylation to glucose-6-phosphate and entry into the 
glycolytic pathway, leading to increased pyruvate formation. Increased mitochondrial 
fatty acid oxidation inhibits both pyruvate dehydrogenase and hexokinase (Randle cycle). 
Excess cellular fatty acid abundance may disrupt both VDAC and the contact sites, and 
overload the electron transport chain. This predisposes to “leakage” from complexes I 
and III, and ubiquinone, with formation of ROS. Pro-apoptotic members of the Bcl-2 
family (e.g., Bax) may be largely cytosolic and associate with the mitochondrial 
membrane only after activation of the apoptotic cascade. Abbreviations — ADP/ATP: 
adenosine di-/triphosphate; CYT C: cytochrome c; A'P m : inner mitochondrial membrane 
potential; UBIQ: ubiquinone; ROS: reactive oxygen species; VDAC: voltage-dependent 
anion channel. With permission (see Fig. 3.4.) 

mitochondrial voltage-dependent anion channel (VDAC) complex (Fig. 
12.1) located at the contact sites between inner and outer mitochondrial 
membranes. In addition to hexokinase II, the complex includes the 
adenine nucleotide translocase, porin, creatine kinase, and anti-apoptotic 
members of the Bcl-2 family 12 " 14 . W hi le still incompletely defined 15 , these 
structural relationships appear to enhance the rate and efficiency of both 
hexokinase-mediated glucose phosphorylation and ATP synthase- 
mediated oxidative phosphorylation. Thus, they facilitate access of newly 
synthesized ATP to the hexokinase, and of the ADP thereby generated to 
the mitochondrial ATP synthase. In addition, VDAC conductivity may 
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be modulated directly by glutamate 16 (also, see Chapter 14.5.1.: Energetic 
Considerations in Synaptic Transmission). 

Citric acid cycle utilization of the pyruvate produced via glycolysis is 
highly efficient (Fig. 3.2, facing p. 21). This results from the fact that 
PDH, the key enzyme in this process, is subject to negative feedback 
control, resulting in stringent regulation of pyruvate utilization and 
therefore overall glycolytic rate 17 . Thus, PDH is subject to kinase- 
mediated inactivation by high ratios of NADH/NAD, acetyl CoA/CoA, and 
ATP/ADP in the mitochondrial matrix, i.e., those conditions that indicate 
abundance of reducing equivalents, citric acid cycle substrate, and 
electron transport chain flux. This kinase-mediated feedback regulation 
of PDH prevents excessive oxidative decarboxylation of substrate 
(pyruvate) to acetyl CoA, thereby controlling the flow of electrons into 
the electron transport chain. In the absence of such stringent control, 

electrons would be more likely to enter the electron transport chain in 
excessive amounts and therefore more likely to “leak” from complexes I 
and III, and ubiquinone. Through one-electron reduction of oxygen to 
form superoxide anion (0 2 ), these electrons contribute to the generation 
of ROS and oxidative stress. By continuously modulating the rate of 
glucose (thus, pyruvate) utilization in response to the status of the 
electron transport chain and intramitochondrial redox potential, PDH 
operates in effect as the biological equivalent of an automobile’s 
computerized fuel injection system. As will be discussed in detail, this 
efficiency stands in marked contrast to the less tightly regulated 
utilization of ketone bodies and fatty acids in mitochondrial energy- 
generating pathways. Any inefficiency in energy generation would likely 
have proved disadvantageous in terms of evolutionary survival: it not only 
would have jeopardized attainment of rapid and repeated increases in 
A^-driven oxidative phosphorylation required for optimal neuronal 
activation and synaptic function, but also would have been potentially 
injurious to the cell and thus to the organism through generation of 
oxidative stress. 



12.3. KETONE BODIES 

The initial demonstration that acetoacetate and (3 -hydroxy butyrate 
could partially substitute for glucose as a major substrate in fasting 
human brain 18 provided important new insight into neuronal energy 
metabolism. Although starvation increases brain mitochondrial (3- 
hydroxybutyrate dehydrogenase activity 19 , it is clear that utilization of 
ketone bodies in adult brain, principally neuronal 20 , is not dependent on 
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an adaptive process induced by prolonged fasting. Thus, it also occurs in 
short-term (3.5 days) starvation 21 ' 22 , as well as in healthy, non-fasting 
subjects 23 . Moreover, brain utilization of glucose is suppressed by ketone 
bodies. This effect is not related to glucose transport kinetics across the 
blood brain barrier, but rather appears to reflect a change at or beyond 
the hexokinase-mediated entry of glucose into the glycolytic 
pathway" ’ ’ . Given that glucose clearly is the energetically optimal fuel 
for support of neuronal activation, how is it possible that the less 
consistently available and (as will be discussed) less efficiently utilized 
and potentially injurious ketone bodies are immediately accepted as a 
preferred substrate? The answer to this important question is found in a 
consideration of the determinants of ketone body transfer from plasma to 
brain to neuron to mitochondria, and their ultimate utilization in 
mitochondrial generation of ATP. 

Ketone body extraction from plasma into brain exhibits regional 
variation but is directly proportional to plasma concentration 22,26 . A 
blood brain barrier transport mechanism shared by other low molecular 
weight monocarboxylates appears to be a major but relatively constant 
rate-determinant of the uptake process 2026 . Moreover, a carrier-mediated 
cellular uptake process 27,28 operates with sufficiently high efficiency that 
ketone body concentrations in brain interstitial fluid remain low 26 . Thus, 
ketone bodies that have exited plasma and crossed the blood brain barrier 
rapidly traverse the intercellular space, and enter both neurons and 
astrocytes, where they undergo mitochondrial oxidation 29,30 . Relative to 
glucose, however, the extraction fraction of ketone bodies from cerebral 
plasma is low 26 , as a result of which brain uptake is not flow-limited 31 . 
Consequently, and in contrast to the increased glucose extraction that 
occurs as the consequence of neuronal activation-associated changes in 
regional blood flow, uptake of ketone bodies would be expected to 
remain relatively constant. 

The mechanism by which ketone bodies enter the mitochondrial 
matrix remains incompletely understood, as no specific transporter has 
been identified 32 . It has been suggested that in liver mitochondria ketone 
bodies are transported across the inner membrane by the pyruvate 
carrier 33 , but evidence is conflicting 34 . It has been generally believed, 
however, that as cytosolic ketone body concentration increases so does 
the importance of non-ionic diffusion of the protonated acid across the 
inner mitochondrial membrane 33,34 . In any case, the overall process is 
driven by the concentration gradients between plasma, interstitial fluid, 
cytosol, and mitochondrial matrix. 

The ability of ketone bodies to suppress and substitute for glucose 
utilization is readily understandable in terms of their intramitochondrial 
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MITOCHONDRIA 

Figure 12.2. Fatty acid and ketone body oxidation in mitochondria suppresses 
glycolysis. Mitochondrial (1-oxidation of fatty acids (astrocytes) and ketone bodies 
(neurons) generates three moieties which activate physiological kinase-mediated 
feedback inhibition of PDH, i.e., acetyl CoA, ATP, and NADH. This effect, together with 
an accompanying suppression of glycolysis, decreases mitochondrial oxidation of 
pyruvate, and overall utilization of glucose. In peripheral tissues, especially muscle, this 
effect of mitochondrial fatty acid oxidation contributes to the “Randle cycle” inhibitory 
effect on glucose utilization and insulin resistance. Dashed lines: inhibition of PDH by 
acetyl CoA/CoA, ATP/ADP, and NADH/NAD. Abbreviations — ATP: adenosine 
triphosphate; CPT-I: carnitine palmitoyltransferase-I; NADPH: nucleotide adenine 
triphosphate, reduced form; PDH: pyruvate dehydrogenase. 

metabolism (Fig. 12.2). Utilization of |3-hydroxybutyrate requires its 
oxidation to acetoacetate by |3-hydroxybutyrate dehydrogenase, an 
exclusively mitochondrial enzyme 33 . Acetoacetate is then converted to its 
acyl CoA thioester, either directly or via succinyl CoA acyltransferase- 
mediated transfer of CoA from succinyl CoA, an intermediate in the citric 
acid cycle; it is acetoacetyl CoA that enters the oxidative pathways in the 
mitochondrial matrix. Two consequences of ketone body entry into the 
mitochondrial matrix are especially significant in the present context. 

First, there is no evidence that excessive ketone body oxidation and 
overload of the electron transport chain are prevented by a regulatory 
process in a manner analogous to PDH-mediated control of the utilization 
of pyruvate (and, thus, of glucose). Moreover, ketone bodies may 
adversely affect the efficiency of oxidative phosphorylation by two 
distinct mechanisms: a) a minor uncoupling of oxidative phosphorylation 
resulting from the movement of protonated ketone bodies across the 
inner mitochondrial membrane; and b) a more significant uncoupling- 
like effect, similar to that caused by other short chain carboxylic acids 36 
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(also, see Chapter 6.2.: Butyrate). This uncoupling-like effect results 
from a futile cycle of synthesis and hydrolysis of acetoacetyl CoA 37 , 
consuming ATP and generating AMP within the mitochondrial matrix. 
The minor protonophoric component is exceeded stoichiometrically by 
the electrons generated through intramitochondrial oxidation of ketone 
bodies and short chain fatty acids, which thus increase redox potential 
and predispose to ROS generation. As a result, the antioxidant effect that 
is seen with non-metabolized protonophoric uncouplers 38 42 is absent. In 
its place is a substrate oxidation-induced, potentially ROS-generating, 
increase in electron transport chain flux, as would occur with oxidation of 
both ketone bodies 43 and the short chain fatty acid butyrate 44 . 

Second, utilization (mitochondrial oxidation) of acetoacetyl CoA in 
short-term perfused heart and liver, isolated liver mitochondria 45 , and 
tumor cells in culture 46 , leads to the generation of acetyl CoA, NADH, and 
ATP. As a result, PDH is inactivated, thereby inhibiting pyruvate 
utilization, glycolysis, and glucose uptake; such effects are also caused by 
oxidation of short, medium, and long chain fatty acids 17 ' 47 ' 48 (Fig. 12.2). 
This adverse effect is similar to the Randle cycle in which excessive 
oxidation of fatty acids inhibits glucose utilization and contributes to 
insulin resistance in skeletal muscle 49 " 51 . Thus, during simultaneous 
perfusion of rat heart with acetoacetate and glucose, oxidation of glucose 
was dramatically suppressed 52 , although cardiac performance was 
unimpaired 52 ' 53 . Provision of 5mM acetoacetate alone, however, caused 
substantial deterioration of cardiac performance relative to that with 
glucose, and suppressed mitochondrial CoA abundance, citric acid cycle 
activity, and state 3 respiration 5455 . Accordingly, ketone bodies as sole 
substrate are unable to sustain the energy requirements of the cardiac 
myocyte, another terminally differentiated cell which in terms of 
mitochondrial metabolism further resembles the neuron in that it lacks 
the ability to carry out either gluconeogenesis or ketogenesis 45 , but which 
differs importantly from it in its general dependence energetically on 
mitochondrial fatty acid oxidation (see Chapter 1: Disparate Themes: 
Origins and Integration). 

Studies of rat hippocampal slices also indicate important differences 
between glucose and ketone bodies in their ability to support neuronal 
viability and synaptic function 56 . Thus, (3 -hydroxy butyrate protected 14- 
day embryonic hippocampal cells from f) amyloid toxicity 57 , and restored 
excitatory postsynaptic potentials in glucose-deprived or glycolysis- 
inhibited slices from 15-day postnatal (suckling) rats 56 . In slices from 
120-day (adult) animals, in contrast, (3-hydroxybutyrate was unable to 
support synaptic function 56 . Ketone bodies also support lipid synthesis in 
developing brain 58 ' 59 , and in proliferating neural cell lines in vitro 60 . The 
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more effective utilization of ketone bodies, as well as lactate, in newborn 
and suckling animals parallels monocarboxylate carrier expression 28 . In 
fetal rabbits, maternal diabetes mellitus and hyperketonemia supressed 
fetal glucose utilization 61 . Similarly, in neural tissue from 11- and 12-day 
rat embryos, p-hydroxy butyrate suppressed glucose utilization, 
suggesting a potential pathogenetic role in maternal diabetes mellitus- 
associated teratogenesis 62 . Significantly, the apparent shift from glucose 
to P-hydroxybutyrate utilization in the latter system did not affect 
oxygen consumption, a phenomenon that reappears in other informative 
settings (see below; also, see Chapter 14.2.: Activation-Related Glucose 
and Oxygen Consumption, and Chapter 15.4.: Cerebral Metabolism and 
Insulin Signaling). 

On the basis of these considerations, it is clear that in the developed 
brain a relative increase in ketone body utilization in the resting neuron 
may spare glucose but exacts a price nonetheless. Thus, ketone body- 
induced inhibition of the citric acid cycle and uncoupling-like effects on 
oxidative phosphorylation would compromise A 4^ and therefore the rate 
of ATP generation, relative to levels supported by glucose. In addition, 
the relatively unregulated mitochondrial oxidation of ketone bodies 
could increase electron flux and reducing potential in the electron 
transport chain, increasing the likelihood of electron “leakage”, 
especially at complexes I and III, and ubiquinone (Fig. 12.1). The 
resulting generation of ROS and oxidative stress would inhibit several 
components of the electron transport chain, thereby further 
compromising A4**. Together, such inefficiencies in ketone body 
oxidation would obligate a higher rate of oxygen consumption relative to 
ATP production than would be required during predominant fueling of 
the process by the far more efficiently utilized glucose. Therefore, 
although the theoretical maximum yield of 4.75-4.78 molecules of ATP 
for each oxygen molecule consumed during complete oxidation of 
ketone bodies is calculated to be only slightly less than that for glucose 
(5.0) 10 , the actual yield would be further diminished by uncoupling-like 
effects, electron “leakage”, and generation of ROS. 

These characteristics of ketone bodies (and of short chain 
monocarboxylic acids in general) provide important perspective in regard 
to the suggestion that ketone bodies not only are innocuous with respect 
to neuronal function and viability, but are in fact neuroprotective 43 ' 57 . The 
experiments upon which these conclusions were based involved an 
apparent protective effect of ketone bodies against acutely lethal insults, 
and/or in embryonal neurons. Consistent with these observations, it has 
been shown that whereas ketone bodies support viability of neurons from 
embryonic, post-weaning, and adult animals during glucose deprivation, 
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and support synaptic function in neurons from embryonal and suckling 
animals, they fail to support the critical elements of cognitive function in 
neurons from post-weaning and adult rats 56 . Thus, ketone bodies may 
protect against potentially lethal acute insults at perhaps all stages of 
neuronal development, but they arc unable to support the more exacting 
metabolic and energetic requirements for synaptic function in the 
developed brain. These developmental differences may also account for 
the observation that ketone bodies protected embryonal neurons from 
acute toxicity induced by (3 amyloid and MPP +57 , and protected rat 
nigrostriatal dopaminergic neurons against MPP +43 in a model of 
Parkinson’s disease. As MPP + inhibits Complex I of the electron 
transport chain, sustained support of mitochondrial oxidative 
phosphorylation and neuronal viability in the presence of this agent 
would require that electrons be supplied “downstream” of this blockade. 
Ketone body oxidation accomplishes this by providing electrons to the 
electron transport chain via complex II (succinate dehydrogenase). While 
this may maintain neuronal viability under the specified experimental 
conditions, it would not provide for the tightly-regulated energetic 
foundation required for support of normal synaptic function in the 
mature neuron (e.g., see Chapter 14.5.2.1.: Long Term Potentiation). 
Moreover, it would contribute to the sustained alterations in neuronal 
substrate utilization, metabolism, redox balance, and energetics that 
characterize Alzheimer and Parkinson diseases, and which may precede 
cell death by years or decades. 

Despite the inefficiencies and other adverse effects associated with 
ketone body metabolism, and the resulting potential for compromise of 
neuronal activation, their preferential utilization may be regarded as 
advantageous under conditions in which glucose availability is limited 
and ketone bodies abundant, i.e., during starvation. Moreover, to the 
extent that the physiological and metabolic correlates of neuronal 
switching between activation and inactivation are also associated with 
shifts in substrate utilization, the appropriate and timely coordination of 
these shifts may be a pivotal determinant of neuronal function. As will be 
discussed, preferential utilization of ketone bodies and the resulting 
decrease in glucose utilization despite constant oxygen consumption 22 ' 62 
provides insight into what appeal's to represent the reverse phenomenon 
energetically, i.e., neuronal activation. During the latter process oxygen 
consumption may be relatively constant despite an increase in glucose 
utilization. Furthermore, these relationships support the concept that 
utilization of ketone bodies as substrates (and thus, determinants of 
functional status) may be relatively greater in the non-activated neuron 
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(see Chapter 14.2.: Activation -Related Glucose and Oxygen 

Consumption). 

12.4. FATTY ACID UTILIZATION IN BRAIN AND THE 
REGULATION OF APPETITE 

12.4.1. Uptake of Fatty Acids from Plasma 

Long chain free (unesterified) fatty acids (FFA) are poorly soluble in 
aqueous media and in plasma are tightly bound to albumin. For that 
reason they would be expected to have less ready access to the brain than 
the water-soluble glucose and ketone bodies. Despite this, brain uptake 
of plasma FFA is well documented 63 " 65 , as is their rapid metabolism in both 
oxidative and esterification pathways 66 " 68 . As in other tissues, uptake is 
likely directly proportional to the plasma FFA concentration and the fatty 
acid: albumin molar ratio 69 . Regional FFA uptake corresponds generally 
to the activity of oxidative metabolism as reflected by 2-deoxyglucose 
uptake 70 . Similar to ketone bodies, FFA extraction from plasma is not 
flow-dependent and is relatively low compared to that of glucose 3 l 6S . As 
a result, and also true of ketone bodies, FFA uptake would be expected to 
remain relatively constant despite the fluctuations in regional blood flow 
and glucose extraction that are associated with neuronal activation. This 
interpretation is consistent with the demonstration that incorporation of 
fatty acids into brain lipids is flow-independent 71 . Although lipoprotein 
lipase is expressed in cortex and other regions of the brain 72 , its activity is 
much lower than in spinal cord 7 ' and non-neural tissues; as a result, the 
contribution of lipoprotein fatty acid esters to overall brain fatty acid 
uptake would appear to be less than that of FFA 74 . 

Because long chain fatty acids are less soluble in aqueous media than 
shorter chain fatty acids and ketone bodies, they exist both intra- and 
extracellularly in association with proteins, i.e., albumin in plasma and 
interstitial fluid, and cytosolic fatty acid binding proteins (FABP) and 
other moieties within cells 75 . Fatty acid entry into cells appears to be 
facilitated by plasma membrane binding proteins and/or transporters 69 . 
Within cells, they may enter either esterification pathways, e.g., leading to 
the biosynthesis of membrane lipids, or oxidative pathways, principally (3- 
oxidation in mitochondria (Fig. 12.3). Fatty acid entry into almost all of 
these pathways requires initial conversion to the acyl CoA thioester, a 
reaction catalyzed by an isoform of long chain acyl CoA synthase that is 
relatively brain-specific and homologous to the liver isoform 76 . In rat 
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Figure 12.3. Pathways of cellular fatty acid metabolism. Both mitochondrial and 
extramitochondrial FA oxidation pathways are transcriptionally regulated by members of 
the PPAR family. PPAR may be activated by increased cellular abundance of FA, as well 
as other factors acting directly or indirectly. Absence of PPARct in primary human brain 
astrocytes and astrocyte-derived lines (see text) suggests that these cells may be 
compromised in regard to a potentially protective adaptive response to increased fatty 
acid exposure (see Chapter 12.4.2.: Oxidation of Fatty Acids). Abbreviations — CPT-I: 
carnitine palmitoyltransferase-I; FA: fatty acid; FA-CoA: fatty acid-coenzyme A 
thioester; PL: glycerophosphatides; PPAR: peroxisome proliferator-activated receptor; 
TG: triacylglycerols. 

and primate brain, a substantial fraction (i.e., at least 50% of palmitate) 
undergoes (1-oxidation 66 " 68 ' 77 , indicating that fatty acid oxidation may 

contribute to energy generation in brain. 

The potential significance of plasma FFA uptake for brain energy 
metabolism in humans is suggested by a 9-fold increase in brain FFA 
uptake during short-term starvation 21 . Assuming total utilization of these 
FFA for ketogenesis in astrocytes 78 , the quantity of ketone bodies 
generated, e.g., for neuronal utilization, would equal 49.3% of those 
which entered brain as such from plasma 21 , i.e., approximately one-third 
of the combined total. Although the observed increase in FFA uptake did 
not achieve statistical significance 21 , such observations are of potentially 
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great importance. Calculation of brain FFA uptake has usually been 
based on arterio-venous differences, and involves the difference between 
two relatively large, inherently variable numbers. Thus, it is necessarily 
imprecise, and may underestimate actual FFA uptake, e.g., as 
demonstrated by other methods such as those involving isotopic 
techniques as discussed above. 

12.4.2. Oxidation of Fatty Acids 

Mitochondrial P-oxidation of long chain fatty acyl CoA thioester, as 
noted (see Chapter 11.1.: Introduction - Relevant Principles of 

Intermediary Metabolism), requires transacylation by the rate- 

determining enzyme CPT-I to form the acylcarnitine derivative. Rat and 
mouse brain express the liver isoform of CPT-I, which exhibits relatively 
high affinity for carnitine and relatively low susceptibility to inhibition by 
malonyl CoA 78 ' 79 . In addition, a novel CPT-I with unusual substrate 
specificity was recently identified in mouse and human brain, most 
abundantly in the hippocampus and in hypothalamic nuclei involved in 
control of feeding behavior 80 . Acylcamitines formed by CPT-I are 

transf erred across the inner mitochondrial membrane to enter the P~ 
oxidation spiral (Fig. 12.4B and Fig. 3.2, facing p. 21). Agents that 
inhibit CPT-I acutely inhibit fatty acid p-oxidation in brain as in other 
tissues in vivo 77 ' 81 " 83 , thereby documenting the mitochondrial location of 
this process; esterification is increased as a result, largely in the 
phospholipid fraction. Significantly, feeding behavior is also increased 
by CPT-I inhibition 84 " 86 , an observation of considerable importance that is 

Figure 12.4. Relevant aspects of intermediary metabolism. Pathway arrow thickness 
approximates relative activity; dotted lines: relatively or absolutely suppressed; enclosed 
areas represent mitochondria. A. Glycolysis- and citric acid cycle-fueled ATP synthesis. 
Complete oxidation of glucose via aerobic glycolysis, pyruvate dehydrogenase, and the 
citric acid cycle, yields 30 molecules of ATP per molecule of glucose. Gluconeogenesis i s 
suppressed. B. Fatty acid oxidation. Mitochondrial oxidation of long chain fatty acids 
requires CPT-I-mediated formation of acylcarnitine. Fatty acids present in excess may 
override malonyl CoA inhibition of CPT-I, driving inappropriately augmented 
mitochondrial oxidation. The theoretical maximum yield of ATP from complete 
oxidation of palmitate (-100) is variably diminished to as little as -20 in a ketogenic cell 
(astrocyte or hepatocyte) by diversion of acetyl CoA to ketogenesis rather than to the 
citric acid cycle. C. Gluconeogenesis. The process is normally fueled energetically by the 
mitochondrial oxidation of fatty acids. Glycolysis is suppressed. Abbreviations — ATP: 
adenosine triphosphate; CPT-I: carnitine palmitoyltransferase-I; F26BP: fructose-2, 6- 
bisphosphate; NADPH: nucleotide adenine triphosphate, reduced form; PCB: pyruvate 
carboxylase; PEPCK: phosphoenolpyruvate carboxy kinase; PL: glycerophosphatides; 
TG: triacylglycerols. 
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further discussed below (see this Chapter 12.4.3.: Fatty Acid Oxidation 
and Regulation of Feeding Behavior). Products of fatty acid (3-oxidation 
include C0 2 as well as citric acid cycle intermediates and ketone bodies; a 
substantial fraction of administered radioactivity is also recovered in 
aspartate and glutamate 87 . Acetyl CoA generated by P-oxidation typically 
enters the citric acid cycle, thus fueling the electron transport chain and 
oxidative phosphorylation. As in hepatocytes, however, acetyl CoA in 
astrocytes may be converted to ketone bodies and exported from the 
cell 78 ' 88 ' 89 (Fig. 3.2, facing p. 21). While ketogenesis thus supports the 
metabolic needs of other cells, ketone body synthesis and export 
represents a loss to the astrocyte or hepatocyte of potentially oxidizable 
carbon atoms. Long chain fatty acids also undergo P-oxidation in brain 
peroxisomes, the activity of which is related to developmental stage 90 . 
Although these studies of whole brain do not identify the particular cell 
population(s) in which plasma-derived long chain fatty acids are 
metabolized, other evidence suggests that their oxidation occurs primarily 
in glia, especially astrocytes, and in the subset of neurons involved in 
neuroendocrine and metabolic regulation (see this Chapter 12.4.3.: Fatty 
Acid Oxidation and Regulation of Feeding Behavior). 

Fatty acids with fewer than 14 carbon atoms may also exert an 
important influence on brain metabolism under certain circumstances. 
Thus, short chain fatty acids (SCFA, i.e., 2-4 carbons, e.g., the 4-carbon 
butyrate) are generated in large quantities by colonic bacteria and are 
readily absorbed into portal venous plasma. Normally, SCFA are nearly 
completely extracted during passage through the liver and do not 
represent a significant potential alternative metabolic fuel for the brain. 
However, under conditions in which there is substantial portal-systemic 
shunting as may accompany cirrhosis and other causes of portal 
hypertension, a fraction of SCFA escapes removal in the hepatic and 
pulmonary vascular beds and is available to perfuse the brain, potentially 
contributing to the demonstrated decrease in cerebral glucose utilization 
in cirrhosis 91 . As SCFA are far less tightly bound to albumin than are 
long chain fatty acids, they more readily enter brain 64 although in the 
presence of portocaval shunting their apparent rate of transport across the 
blood brain bander may be diminished 92 . Medium chain fatty acids 
(MCFA, i.e., 6-12 carbons, e.g., the 8-carbon octanoate) also enter brain 
from plasma 64 . Similar to SCFA, MCFA can enter mitochondria 
independent of CPT-1 (Fig. 12.2). While MCFA are not normally 

produced within the body in substantial quantities, they may become 
available through their administration as a nutritional supplement or, in 
the special case of valproate (2-propyl-pentanoate, i.e., an iso-octanoate), 
as an anticonvulsant. In general, SCFA and MCFA exert effects on 
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mitochondrial metabolism similar to those of ketone bodies, i.e., relative 
lack of control by CPT-I, uncoupling-like effects 36 , and inhibition of PDH 
and glycolysis 17 ' 47 ' 48 (see Chapter 6.2.: Butyrate, and Fig. 6.2, facing p. 
123). Valproate and its derivatives also inhibit enzymes in the (3- 
oxidation spiral itself 93 . 

Most cells that utilize significant quantities of long chain fatty acids 
express certain genes the products of which serve related regulatory 
functions (Fig. 12.3). These include one or more members of the 
nuclear receptor family of peroxisome proliferator-activated receptors 
(PPARs) 94 ' 96 , proteins that may be regulated by PPARs such as cytosolic 
FABP, fatty acid (3-oxidation enzymes in peroxisomes (H 2 0 2 -generating) 
and mitochondria, and antioxidant defenses such as glutathione 
peroxidase and catalase. The FABP can be viewed as protective against 
the potentially adverse (e.g., surface active) effects of fatty acids 
themselves, and against the oxidative stress that would be expected if their 
cellular abundance and mitochondrial or peroxisomal (3-oxidation 
become excessive. In this connection, it is highly significant that human 
primary astrocytes and a human astrocytoma cell line were found to 
express PPARS (also designated PPAR(3) and PPARy; unlike rat brain 
astrocytes, however, neither cell type from human brain expressed 
PPARa 96 . The PPARa isoform is particularly important in activating 
those genes that encode FABP and the mitochondrial and peroxisomal 
enzymes that are important in the adaptive cellular response to increased 
fatty acid abundance. As in the PPARa-null hepatocyte 97 , absence of this 
critical nuclear receptor suggests that astrocytes are relatively 
compromised in the adaptive response which it activates, and therefore are 
predisposed in states of fatty acid excess to fatty acid oxidation-induced 
intramitochondrial oxidative stress and ROS generation 98 (also, see 
Chapter 5.2.1.: PPARa; and Chapter 7: Fatty Acids and Mitochondria, 
Cell Growth and Injury: Broader Implications). In addition, exported 
astrocyte-generated diffusible ROS (e.g., H 2 0 2 ) would adversely affect 
neighboring neurons. 

Consistent with this concept, there is substantial evidence that 
oxidation of long chain fatty acids may have adverse effects on 
mitochondrial energetics, maintenance of A l P m> and the efficiency of ATP 
generation. Thus, in addition to PDH inhibition, high fatty acid flux rates 
may override or circumvent the regulatory step at CPT-I 99 103 , thereby 
potentially overloading the electron transport chain and predisposing to 
oxidative stress. While underivatized long chain fatty acids may also 
weakly uncouple oxidative phosphorylation via a protonophoric effect 36 , 
their relatively modest antioxidant effect would be obscured in states of 
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fatty acid excess by the pro-oxidant effect of high fatty acid oxidation 
rates. 

Given these considerations, it is perhaps not surprising that in most 
neurons in adult brain, there is little or no mitochondrial oxidation of 
long chain fatty acids. Limited neuronal capacity for fatty acid oxidation 
is further supported by expression of the sterol regulatory element 
binding protein-1 (SREBP-1). SREBPs are key transactivators of genes 
related to the biosynthesis of isoprenoids (e.g., sterols and farnesyl 
derivatives) and fatty acids 104 . Such transcriptional activation of the fatty 
acid biosynthetic pathway in a cell not evidently active in fatty acid 
biosynthesis except in axons 105 would seem to be wasteful or even 
counterproductive. However, the increased activity of acetyl CoA 
carboxylase that results would generate increased quantities of malonyl 
CoA, thereby suppressing CPT-I and mitochondrial fatty acid oxidation. 
In this respect, the neuron would further resemble the cardiac myocyte, a 
cell in which de novo fatty acid biosynthesis is also insignificant, but in 
which expression of the initial committed step in this pathway, i.e., acetyl 
CoA carboxylase-mediated malonyl CoA synthesis, contributes to the 
regulation of mitochondrial fatty acid oxidation through inhibition of 
CPT-I 106,107 . In addition, to the extent that cytosolic FABP, catalase, and 
glutathione peroxidase are expressed in brain, they are largely confined 
to glial cells, and in particular to astrocytes (see Chapter 13.4.: Fatty 
Acids, Antioxidant Defense, HIV Dementia, and Cell Proliferation). Thus, 
as neuronal activation is critically dependendent on a highly efficient, 
rapidly responsive, and uncompromised augmentation of a mitochondrial 
-driven increase in the rate of ATP generation, glucose utilization 
clearly is advantageous as compared to that of the potentially disruptive 
oxidation of fatty acids and ketone bodies. 

Somewhat unexpectedly, therefore, both neurons and astrocytes 
exhibit comparable activity of cytochrome P450 4A-mediated u>- 
oxidation of medium and long chain fatty acids in endoplasmic 
reticulum 108 (Fig. 12.3); the activity of this enzyme in both cell types is 
equal to or greater than that in hepatocytes. Moreover, a recently 
described novel isoform, P450 4X1, is expressed predominantly in brain 
neurons 109 . As the long chain dicarboxylic acid products of this reaction 
are potentially toxic and induce PPARa- mediated peroxisome 
proliferation in responsive cell types 110 , the functional significance of this 
activity in brain is not apparent for either cell type. 
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12.43. Fatty Acid Oxidation and Regulation of Feeding 
Behavior 

In contrast to neurons involved in synaptic function, available 
evidence suggests strongly that fatty acid oxidation is physiologically 
important in those neurons involved in neuroendocrine and metabolic 
regulation. Thus, in rodents and primates, uncoupling protein 2 (UCP2) 
is expressed in the mitochondria of such neurons, e.g., in the 
hypothalamus 111114 . The uncoupling action of the UCP protein family 
separates ATP synthesis from A^-driven flux of protons back across the 
inner mitochondrial membrane. As a result, the electrochemical energy 
generated by the electron transport chain and A'Pm is converted to heat 
instead of ATP. This accounts for UCPl’s thermogenic effect, e.g., in 
brown adipose tissue 115 , and for UCP2’s uncoupling-induced dissipation 
of intramitochondrial oxidative stress 38 " 42 . Because UCP expression and 
activation are increased by long chain fatty acids 115 " 117 , as well as by 
ROS 118 , the presence of UCP implies the occurrence of significant 
mitochondrial fatty acid oxidation in those neurons in which it is 
expressed. In addition, the hypothalamic regulatory neurons also exhibit 
a distinctive anatomical and presumably functional relationship to a 
specific population of astrocytes which abundantly express brain FABP 
(B-FABP) 119 , a finding that further suggests a significant relationship to 
fatty acid metabolism. Thus, regulatory neurons in the hypothalamus 
differ significantly from their synaptic transmission-related counterparts 
in other brain regions, in which fatty acid metabolism and antioxidant 
defenses are minimal. In these latter neurons, fatty acid oxidation and its 
potential accompaniments — oxidative stress and UCP-mediated 
uncoupling and thermogenesis 120 — would be expected to compromise 
synaptic function (also, see Chapter 14.5.2.1.: Long-Term Potentiation). 

The evidence that fatty acids undergo mitochondrial oxidation in 
hypothalamic neurons involved in metabolic control has important 
implications for the regulation of feeding behavior. Thus, methyl 
palmoxirate, an inhibitor of CPT-I-mediated mitochondrial fatty acid 
oxidation, increases feeding behavior and brain Fos-like 
immunoreactivity in rats 84 ' 85 . Similarly, feeding behavior is increased in 
human subjects by another inhibitor of CPT-I, etomoxir 86 . In both 
species, the effect of these agents is most evident when maintenance diets 
are high in fat 84 " 86 , consistent with absence of the effect in short-term 
human studies 121 . The reported effect of these agents on feeding behavior 
has been thought to reflect changes in systemic or hepatic fatty acid 
metabolism. However, the distinctive characteristics of hypothalamic 
neurons in regard to fatty acid metabolism would also be consistent with 
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an alternative hypothesis: namely, that regulation of mammalian feeding 
behavior reflects modulation of, and is inversely related to, mitochondrial 
fatty acid oxidation in specific hypothalamic neuronal populations. 

The concept that mitochondrial fatty acid oxidation in specific 
hypothalamic neuronal populations may play a pivotal role in the 
regulation of feeding behavior would also be consistent with recent 
evidence that leptin, among its diverse effects ’ , increases systemic 

energy expenditure and mitochondrial fatty acid oxidation in cardiac and 
skeletal muscle " ‘ , adipose tissue ~ , and endothelial cells , and 
augments intramitochondrial ROS generation in the latter. These 
observations further suggest that the interaction of leptin with 
hypothalamic neurons, which is critical to leptin’s appetite-suppressing 
effects, may include a leptin-induced increase in fatty acid oxidation in 
these cells as in the others cited above. The hypothesis also would serve 
to integrate hypothalamic with adrenergically-mediated peripheral leptin 
effects 126 ' 131 . A functional linkage between leptin signaling and cellular 
fatty acid metabolism is further evidenced, albeit indirectly, by the 
demonstration that leptin and fatty acyl CoA thioesters, the latter being 
obligatory substrates for CPT-I-mediated mitochondrial fatty acid 
oxidation, activate ATP-sensitive K + channels: leptin in hypothalamic 
neurons , and both leptin and acyl CoA in pancreatic islet beta cells . 
As discussed in greater detail elsewhere (Chapter 7: Fatty Acids and 
Mitochondria, Cell Growth and Injury: Broader Implications), increased 
mitochondrial fatty acid oxidation suppresses cellular insulin signaling 
and utilization of glucose, and may compromise mitochondrial energetics 
through generation of ROS. 

In contrast to this direct relationship between leptin signaling and fatty 
acid oxidation within the cell, the relationship between their respective 
concentrations in plasma is inverse; the latter is especially evident during 
fasting and glucose administration 134 . This inverse relationship reflects a 
well-established insulin-induced increase in leptin gene expression and 
plasma leptin concentration ’ " . Thus, sustained hyperinsulinemia, 

under conditions in which glucose concentration is held constant, 
increases plasma [leptin] and suppresses [FFA] 137 . Conversely, the fall in 
plasma [insulin] level that occurs during fasting increases adipocyte 
lipolysis and plasma [FFA], but suppresses leptin gene expression and 
plasma concentration. Importantly, changes in plasma [insulin] under 
these conditions precede those in leptin, which in turn precede significant 
changes in body weight and adipose tissue mass 140 . Accordingly, insulin 
plays a determining role in regulation in leptin formation and secretion. 

These observations further suggest that augmentation of fatty acid 
oxidation by leptin ~ " must involve cellular mechanisms that are not 
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driven by or dependent upon increases in plasma [FFA], thereby 
providing the versatility and control required for regulation of feeding 
behavior. Thus, a leptin-induced, fatty acid oxidation-linked satiety 
response would need to operate even when plasma [FFA] is normal or 
low, e.g., during post-prandial hyperinsulinemia 134 ’ 141 ’ 142 , while a 
counterproductive satiety response must be avoided when [FFA] is 
elevated, e.g., in fasting. This independence from plasma [FFA] appears 
to depend in part on the sympathetic nervous system 126 ' 131 . It would be 
consistent with evidence that leptin induces the oxidation of fatty acids 
that are intracellular, specifically those derived from cellular 
triacylglycerols in liver, pancreatic islets, and skeletal muscle 143 , and with 
evidence that chronic leptin administration suppresses skeletal muscle 
expression of the plasma membrane transporter FAT/CD36 and uptake of 
fatty acids 144 . Stated simply, then, the present hypothesis holds that 
feeding behavior (appetite) is at least in part governed by, and inversely 
related to, leptin-induced mitochondrial oxidation of fatty acids derived 
from within the cell, in regulatory neurons located primarily in the 
arcuate nucleus of the hypothalamus. 

However, the logical extension of this hypothesis would appear to 
require the existence of a paradoxical relationship between the effects of 
insulin and leptin in participating hypothalamic neurons. Thus, whereas 
leptin signaling promotes mitochondrial fatty acid oxidation, insulin 
suppresses this pathway in diverse tissues 124143 . Therefore, participation of 
insulin in activation of a mitochondrial fatty acid oxidation-dependent 
satiety response would seem counter-intuitive. Yet, it is conclusively 
established that insulin, whether administered peripherally, 

intracerebroventricularly, or into the hypothalamus itself, is a powerful 

O 1 lO 1 on 

appetite suppressant ' ' . Moreover, deletion of brain neuronal insulin 

receptors induces diet-sensitive obesity in mice 8 , and 
intracerebroventricular administration of small molecule insulin mimetic 
agents suppresses appetite 146 . Thus, insulin’s anorexigenic action is 

consistently demonstrable despite the fact that it suppresses fatty acid 
oxidation. Accordingly, if mitochondrial fatty acid oxidation in 
hypothalamic neurons is to serve as the pivotal determinant of feeding 
behavior that is hypothesized, opposing effects of insulin and leptin on 
this pathway must be reconciled. Such reconciliation would of necessity 
also provide a rational basis for what, as a corollary, must reflect 
coordinate activation of the satiety response by these dissimilar hormonal 
agents. 

At present, information that would definitively provide such 
rationalization is not available. However, it is significant in this context 
that the anorexigenic effect of the slowly modulated plasma [leptin] is 
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normally manifest following an increase in the more rapidly modulated 
plasma [insulin], e.g., in association with feeding or weight gain. 
Conversely, and despite its correlation with body fat stores, leptin’s effects 
on body weight, and on serum glucose, insulin, and (i-hydroxy-butyrate 
concentrations, are minimal or absent when insulin levels are low, e.g., in 
fasting and starvation; effects on other aspects of neuro-endocrine 
signaling are relatively preserved, however 147 , and may exhibit species 
differences 148 . These associations would be consistent with the plausible 
concept that responsiveness to leptin signaling in the involved regulatory 
neurons is insulin signaling-dependent. As a corollary, the incompletely 
understood phenomenon of leptin resisitance may to a large extent reflect 
resistance to insulin signaling, which commonly accompanies leptin- 
resistance. Further, leptin-induced mitochondrial oxidation of fatty acids, 
being insulin signaling-dependent, would be subject to inhibition by 
elevated plasma [FFA], a major determinant of insulin resistance (see 
Chapter 7: Fatty Acids and Mitochondria, Cell Growth and Injury: 

Broader Implications). This FFA effect would be evident in insulin- 
resistant states (i.e., plasma [FFA] and [insulin] high), but inapparent or 
superfluous physiologically, e.g., in starvation (i.e., plasma [FFA] high, 
plasma [insulin] low). 

Additional information is clearly needed. Thus, the hypothesis that 
leptin-induced modulation of neuronal mitochondrial fatty acid 
oxidation participates in regulation of feeding behavior requires an 
understanding of how this mechanism might relate functionally to other 
effectors, including orexigenic and anorexigenic neurons in the arcuate 
nucleus and in second order nuclei with which they interact. While such 
an understanding is unavailable at present, the fact that pharmacological 
inhibition of CPT-I and mitochondrial fatty acid oxidation stimulates 
feeding behavior in the absence of primary changes in insulin and 
leptin 84 " 86 suggests that this putative switch may lie downstream of the 
insulin and leptin receptors and upstream of the regulated release of 
melanocortin and agouti-related peptide/neuropeptide Y 139 . Furthermore, 
additional information is needed concerning leptin receptor signaling, 
which has been clearly linked both to PI3K 124 ’ 149 ' 150 (plausibly in part 
insulin-dependent) and JAK2 pathways 150 ' 151 , the latter subject to negative 
regulation by protein tyrosine phosphatase IB (PTP IB) 152 . Also, 
although leptin receptor signaling activates fatty acid oxidation 124 " 128 , 
details of this process are incomplete, and a comparable effect has not 
been directly demonstrated in the arcuate nucleus. 

The potential for integration of novel enzymes and regulatory 
molecules pertaining to fatty acid metabolism will represent an ongoing 
challenge for the hypothesis. For example, a role of the recently 
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identified brain CPT-I isoform noted above 80 is uncertain. Second, an 
acetyl CoA carboxylase isoform (ACC2) that regulates fatty acid 
oxidation in extracranial tissues has been identified 106 ; as its deletion 
increases feeding behavior rather than decreasing it 153 while preventing 
obesity through increased fatty acid oxidation 154 , it would not appear to 
participate in the hypothesized hypothalamic regulatory process. Third, 
although methods differ, the effects of CPT-I inhibition on feeding 
behavior have been inconsistent 155 . Fourth, the potential orexigenic role 
of the hypothalamic cannabinoid system, and its downregulation by 
leptin 156 157 awaits further elucidation. Finally, a novel fatty acid synthase 
inhibitor, C75, inhibits feeding behavior and increases cellular malonyl 
CoA concentration 158 ; the latter should inhibit mitochondrial fatty acid 
oxidation, implying that feeding behavior and mitochondrial fatty acid 
oxidation are related directly rather than inversely as hypothesized here. 
Flowever, as C75 increases mitochondrial fatty acid oxidation 
peripherally 159 , and in hypothalamus suppresses neuropeptide Y 
immunoreactivity (consistent with suppression of feeding behavior) but 
not that of fatty acid synthase 160 , C75’s hypothalamic effects and 
relationship to the present hypothesis await further clarification. 

The foregoing examples are illustrative of the ongoing examination 
of important questions and issues that will need to be addressed if the 
present hypothesis is to be rigorously tested. If validated, however, the 
hypothesis would represent significant progress toward elucidation of the 
mechanisms involved in appetite regulation and the possibility of their 
therapeutic modulation. 



12.5. CYTOKINES AND THE BRAIN 

The interaction of cytokines with brain function has been a subject of 
intense interest, and it is clear that all brain cell populations — neuronal, 
glial, and vascular — express various cytokines and/or their receptors 161 " 164 . 
For puiposes of this discussion, attention will be focussed on the 
proinflammatory cytokines, especially tumor necrosis factor-a (TNFa), 
interleukin- 1 (IL-1), and IL-6, as these agents have been demonstrated to 
be intimately involved with, and to profoundly influence, systemic lipid 
and fatty acid metabolism 50 ' 165 (also, see Chapter 8.4.1.: Effects of 

Proinflammatory Cytokines: TNFa vs. Insulin). It is important to 
recognize that the net effect of these agents, in brain and elsewhere, 
depends to a large extent on their interaction with various determinants of 
oxidative stress, including mitochondrial oxidation of fatty acids and 
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NFKB-mediated regulation of redox-related genes, e.g., inducible nitric 
oxide synthase (iNOS). 

TNFa expression in adipocytes is increased in obesity, and may 
contribute to systemic insulin resistance by inhibiting insulin receptor 
signaling 166 . Adipocyte TNFa expression requires expression of aP2, the 
adipocyte form of cytosolic FABP 167 . Moreover, lipopolysaccharide, 
TNFa, IL-1, and IL-6 also influence hepatocellular fatty acid metabolism 
and proliferation 165 ' 168 ' 169 (also, see Chapter 8.4.1.: Effects of 

Proinflammatory Cytokines: TNFa vs. Insulin). These agents stimulate 
lipolysis in adipose tissue 165 , thereby increasing plasma [FFA] and as a 
result tissue uptake of fatty acids, including that by liver. In the 
hepatocyte, these cytokines also enhance glycolysis and de novo 
lipogenesis, thereby generating increased amounts of malonyl CoA, the 
physiological inhibitor of CPT-I and therefore of mitochondrial fatty 
acid oxidation and ketogenesis 165 ' 170 . Thus, through their effects on 
adipose tissue and liver, proinflammatory cytokines augment 
hepatocellular uptake and de novo biosynthesis of fatty acids which, 
acting in concert with suppressed fatty acid oxidation, favor diversion of 
fatty acids into esterification pathways. These actions account for the 
cytokine-induced increases in TG biosynthesis, very low density 
lipoprotein (VLDL) TG secretion, and hyperlipidemia that regularly 
accompany systemic infections, including that by human 

immunodeficiency virus (HIV), and other inflammatory processes 165 . The 
systemic actions of these cytokines also may indirectly affect the brain by 
increasing plasma concentrations of FFA, brain uptake of which would 
therefore increase. Moreover, because fatty acids present in excess can 
override the malonyl CoA/CPT-I control point 99 " 103 , they may under some 
conditions drive augmented mitochondrial fatty acid oxidation, thus 
generating ROS and oxidative stress. 

Direct interaction of proinflammatory cytokines with the brain adds 
complexity to the situation. Thus, TNFa, IL-1, and IL-6 are produced in 
and secreted by astrocytes 161 . It appears likely that their targeted cell 
populations are within the brain itself, although intracranial secretion of 
IL-6 may elevate its concentrations in sagittal sinus plasma 171 . Other glia 
express receptors for two of these agents, but neurons and astrocytes 

express receptors for all three 161 . In addition, systemically produced 

cytokines appear able to cross the blood brain barrier, and may also 

influence brain function via peripheral afferent nerve fibers 163 . Assuming 
that proinflammatory cytokines produced locally and systemically 
modulate brain cell function both directly and indirectly, and that their 
effects on intermediary metabolism generally parallel those on the 
hepatocyte, the resulting enhancement of glycolysis and inhibition of 
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astrocyte mitochondrial fatty acid oxidation could be beneficial in terms 
of neuronal energetics, under conditions in which fatty acid abundance is 
not excessive. Such effects would contribute to the demonstrated 
proinflammatory cytokine enhancement of glycolytic fueling of the 
astrocyte citric acid cycle ’ , the protective effect of TNFa against 
excitotoxicity and oxidative stress 174 , and the enhancement of synaptic 
strength by astrocyte-generated TNFa 175 (also, see Chapter 14.5.2.1.: 
Long-Term Potentiation). Conversely, override of the CPT-I control 
point by high plasma FFA, as may occur, e.g., in HIV infection, obesity, 
insulin resistance, diabetes mellitus 176 , and smoking-related nicotine 
exposure 177 " 181 , would be deleterious. 

An additional element of considerable importance is the fact that the 
vascular, glial, and neuronal structures of the brain are richly endowed 
with constitutive endothelial and neuronal nitric oxide synthases (eNOS, 
nNOS), as well as iNOS 163 ' 182 . Astrocytes in culture may release 
neurotoxic levels of NO in response to IL-1 and other proinflammatory 
cytokines 183 or to the neurotrophic S 100(3 protein 184 . Furthermore, 
evidence based on in vivo and in vitro studies suggests that 
proinflammatory cytokines, e.g., IL-1, may play an important 

contributory role in the pathogenesis of neuronal dysfunction and death, 
including that associated with neurodegenerative, inflammatory, and 
ischemic processes 162 , as well as major depression 185 . These neurotoxic 
cytokine effects may be mediated in part by NO 182 and/or by 
peroxynitrate (ONOO'), the product of the reaction of NO with 
superoxide anion (0 2 ). NO and ONOO inhibit the mitochondrial 
electron transport chain, the former at complex IV, i.e., cytochrome c 
oxidase 186 187 , and the latter at complexes I-III 187 . It is clear, however, that 
proinflammatory cytokines and NO are not invariably deleterious in their 
effects on neuronal function and survival, and may in fact be salutary 
depending on other factors that may be operative. 

Thus, NO suppresses apoptosis in several tissues, an action that appears 
to be mediated at least in part by NO inhibition of several members of the 
caspase family 188 189 ; it may depend on the redox status of the target cell 190 ' 
193 and glycolytic substrate availability 194 . In addition, ONOO' has recently 
been shown to be neuroprotective through its activation of glucose-6- 
phosphate dehydrogenase and the pentose phosphate pathway, thus 
promoting generation of NADPH, a key cofactor in antioxidant 
defense 195 . Moreover, although TNFa signaling may be disruptive of the 
mitochondrial electron transport chain 196 and may induce ceramide- 
mediated apoptosis 197 " 200 , TNFa and IL -6 are essential for normal hepatic 

901 90T 

regeneration " , a circumstance in which the energy demands of cell 
proliferation, like those of neuronal activation, require optimal 
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(glycolysis-fueled) mitochondrial energetics (see Chapter 8.4.1.: Effects 
of Proinflammatory Cytokines: TNFa vs. Insulin). 

Certain of these neuronal anti-apoptotic responses to oxidative stress 
and proinflammatory cytokines, as in peripheral cells 204 " 206 , reflect 
protective activation ofNFKBby ROS and oxidative stress 207 ' 212 . IL-1 and 
related cytokines also activate NFkB in promoting the survival of 
developing neurons . The protective effect” ’ is mediated at least in 
part by NFkB’s transcriptional activation of genes related to redox 
balance, including inducible nitric oxide synthase (iNOS) 216 , 
cyclooxygenase 2 (COX2) 217 , Bcl2 and Bcl-xL 215 ' 218 . Importantly, 
TNFa/TNFRl -mediated NFkB activation involves wg/Wnt-like signaling 219 , 
which also enhances cell energetics via phosphatidyl inositol-3-kinase 
(PI3K) and Akt/protein kinase B (Akt/PKB) (see Chapter 3.3.2.: 
WinglessAVnt-Like Signaling: Convergence of Antecedents and the 
Unpredictable; and Chapter 15.4.: Cerebral Metabolism and Insulin 
Signaling). 

Contrary to these interpretations, however, it has been suggested that 
NFkB’s effect is deleterious, based on the observation that salicylate- 

'inn 'inn 

induced neuroprotection is associated with suppression of NFkB " ", and 
the latter’s association with (3 amyloid toxicity 223 . NFkB activation indeed 
has been implicated in cell injury under certain conditions 224 . As 
discussed below, however (see Chapter 14.5.2.2.: Excitotoxicity — 

Origins of Oxidative Stress), these conflicting interpretations can be 
reconciled by two important considerations: 1) salicylate is a classical 
protonophoric uncoupler of oxidative phosphorylation"" " ; and 2) 

uncoupling agents decrease intramitochondrial formation of the ROS 3842 
upon which NFkB activation depends 230 " 232 . Accordingly, it is likely that 
salicylate suppresses NFkB activation secondarily and indirectly as a 
consequence of the primary and beneficial effect of its uncoupling 
action, i.e., amelioration of intramitochondrial oxidative stress. 

Thus, proinflammatory cytokines may be viewed as double-edged 
swords with respect to neuronal function and survival. While they may 
increase intramitochondrial ROS generation and oxidative stress, this in 
turn may activate potent neuroprotective effects and determinants of 
survival, i.e., NFkB and wgAVnt-like signaling. The overall outcome 
appears to depend to a large extent on other factors such as integrity of 
the electron transport chain, availability of oxygen, NO generation, fatty 
acid abundance (see Chapter 8.4.1. Effects of Proinflammatory 
Cytokines: TNFa vs. Insulin), and the effects of other redox 
determinants. The potential importance of this interplay in the 
pathogenesis of HIV-associated dementia will be considered briefly below 
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(see Chapter 13.4.: Fatty Acids, Antioxidant Defense, F1IV Dementia, and 
Cell Proliferation). 
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Chapter 13 

Astrocyte Metabolism and Astrocyte-Neuron 
Interaction 



13.1. INTRODUCTION 

A critically important dimension in the characterization of cerebral 
metabolism is the now well documented interaction between neurons and 
astrocytes. This metabolic interplay is the subject of this chapter, with 
emphasis on carbohydrates, amino acids, and lipids. The interaction may 
involve diverse processes, e.g., astrocytic support of neuronal metabolism 
and energetics, and astrocytic export of agents that may compromise 
normal neuronal function. Accordingly, astrocyte-neuron metabolic 
interaction is fundamental to an understanding of both normal synaptic 
function as well as neuronal injury and death. The initial portion of the 
present chapter emphasizes those aspects that can be viewed as normal. 
Certain phenomena that adversely affect cerebral function are addressed 
in the latter portion of this chapter, and in subsequent chapters. 



13.2. CARBOHYDRATE METABOLISM 

Metabolically, the astrocyte is uniquely versatile among brain cells'. It 
has the capacity to take up glucose from the interstitial fluid and to direct 
it along any of several pathways including glycolysis, the pentose 
phosphate pathway (hexose monophosphate shunt), and glycogen 
synthesis, the latter stimulated by both insulin and glutamate 2 . Moreover, 
the astrocyte expresses enzymes required for gluconeogenesis, utilizing 
precursors derived from interstitial fluid such as lactate and alanine (Fig. 
13. 1C). Significantly, despite the astrocyte’s ability to generate glucose- 
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6-phosphate via either glycogenolysis or gluconeogenesis, and its limited 
expression of glucose-6-phosphatase, it does not export glucose 3 . 

However, the astrocyte may export lactate 4 ' 5 , derived from glucose 
obtained from extracellular sources, glycogenolysis, or gluconeogenesis. 
As carrier-mediated neuronal lactate uptake 6 ' 7 and its cellular metabolism 8 
are established, it has been suggested that astrocyte release of lactate is 
important in the support of neuronal metabolic and energy 
requirements 1 ' 4 ' 911 . With regard to the energetics and efficiency of ATP 
generation, lactate oxidation is similar to glucose in that its complete 
mitochondrial oxidation provides a theoretical yield of 5.0 ATP 
molecules per 0 2 molecule consumed. Also, its efficiency in fueling the 
citric acid cycle and the electron transport chain is advantageous because 
its initial conversion to pyruvate provides for regulation at the level of 
PDH (Fig. 3.2, facing p. 21, and Fig. 13.2). Lactate has been found to 
support synaptic function in rat hippocampal slices 12 ' 13 ; while this may 
reflect in part the formation of glutamate by a reaction sequence initiated 
by pyruvate carboxylase-mediated conversion of pyruvate to 
oxaloacetate 14 , the quantitative significance of this reaction in neurons 
has been questioned 15 ' 16 . Moreover, recent evidence indicates that lactate 
alone is insufficient to maintain normal neuronal oxidative metabolism 17 , 
or normal synaptic potential and [Ca 2+ |] 18 , and that lactate derived from 
plasma exchanges with a brain lactate pool but does not replace glucose 
as an energy source 19 . In addition, uptake of lactate by the hepatocyte is 
inhibited by ketone bodies 20 ’ 21 , a mechanism which presumably would 
operate in neurons. Thus, the importance of astrocyte lactate export in 
the fueling of neuronal metabolism during activation remains uncertain; 

Figure 13.1. Relevant aspects of intermediary metabolism. Pathway arrow thickness 
approximates relative activity; dotted lines: relatively or absolutely suppressed; enclosed 
areas represent mitochondria. A. Glycolysis- and citric acid cycle-fueled ATP synthesis. 
Complete oxidation of glucose via aerobic glycolysis, pyruvate dehydrogenase, and the 
citric acid cycle, yields approximately 30 molecules of ATP per molecule of glucose. 
Gluconeogenesis is suppressed. B. Fatty acid oxidation. Mitochondrial oxidation of long 
chain fatty acids requires CPT-I-mediated formation of acylcarnitine. Fatty acids present 
in excess may override malonyl CoA inhibition of CPT-I, driving inappropriately 
augmented mitochondrial oxidation. The theoretical maximum yield of ATP from 
complete oxidation of palmitate (-100) is variably diminished to as little as -20 in a 
ketogenic cell (astrocyte or hepatocyte) by diversion of acetyl CoA to ketogenesis rather 
than to the citric acid cycle. C. Gluconeogenesis. The process is normally fueled 
energetically by the mitochondrial oxidation of fatty acids. Glycolysis is suppressed. 
Abbreviations — ATP: adenosine triphosphate; CPT-I: carnitine palmitoyltransferase-I; 
F26BP: fructose-2, 6-bisphosphate; NADPH: nucleotide adenine triphosphate, reduced 
form; PCB: pyruvate carboxylase; PEPCK: phosphoenolpyruvate carboxykinase; PL: 
glycerophosphatides; TG: triacylglycerols. 
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MITOCHONDRIA 

Figure 13.2. Fatty acid and ketone body oxidation in mitochondria suppresses 
glycolysis. Mitochondrial (1-oxidation of fatty acids (astrocytes) and ketone bodies 
(neurons) generates three moieties that normally activate kinase-mediated feedback 
inhibition of PDH, i.e., acetyl CoA, ATP, and NADH. This effect, together with an 
accompanying suppression of glycolysis, decreases mitochondrial oxidation of pyruvate, 
and overall utilization of glucose. In peripheral tissues, especially muscle, this effect of 
mitochondrial fatty acid oxidation contributes to the “Randle cycle” inhibition of 
glucose utilization, and insulin resistance. Dashed lines: inhibition of PDH by acetyl 
CoA/CoA, ATP/ADP, and NADH/NAD. Abbreviations — ATP: adenosine triphosphate; 
CPT-I: carnitine palmitoyltransferase-I; NADPH: nucleotide adenine triphosphate, reduced 
form; PDH: pyruvate dehydrogenase. 

this question is discussed further below (see this Chapter 13.3.: Amino 
Acid Metabolism and the Glutamine Shuttle). 

Astrocyte expression of pyruvate carboxylase 22 is of major importance 
in brain metabolism, and is an essential component of the gluconeogenic 
pathway (Fig. 13. 1C). Pyruvate carboxylase-catalyzed conversion of 
pyruvate to oxaloacetate also contributes to the formation of citric acid 
cycle intermediates, thereby supporting oxidative energetics and other 
important metabolic functions. Among these, formation of NADPH, a 
key requirement for astrocyte biosynthesis of fatty acids, sterols, and 
glutathione 23 ’ 24 , is catalyzed by malic enzyme-mediated oxidative 
decarboxylation of malate to pyruvate 25 . Although neuronal expression 
of pyruvate carboxylase is of uncertain significance 15 ’ 16 , generation of 
citric acid cycle intermediates via this pathway in astrocytes appears to be 
of considerable importance in the exchange of neurotransmitter amino 
acids between astrocytes and neurons. 
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13.3. AMINO ACID METABOLISM AND THE 
GLUTAMINE SHUTTLE 

Regulated neuronal synaptic export of the amino acids glutamate and 
y-amino-butyrate (GABA) plays an essential role in neurotransmission. 
These mediators can be synthesized de novo from 2-oxo-glutarate (a- 
ketoglutarate), an intermediate in the citric acid cycle. However, 
substantial utilization of this pathway without replenishment of the citric 
acid cycle intermediates thus consumed could compromise the supply of 
electrons to the electron transport chain and ATP generation. As 
pyruvate carboxylase-mediated neuronal compensation for this 
circumstance appears at best uncertain as noted 15 ' 16 , the requirement 
during neuronal activation for near simultaneous increases in both ATP 
generation and neurotransmitter amino acid export would impose 
conflicting demands on the citric acid cycle. This dilemma appears to be 
addressed at least in part by the glutamine shuttle, a neuron-astrocyte 
interaction that depends on astrocyte glutamine synthase expression 5 ' 26 " 30 . 

In this process, neuronal depolarization induces a rise in extracellular 
[K T ], which leads to activation of pyruvate carboxylase-mediated 
formation of oxaloacetate in the astrocyte 31 . The resulting increase in 
citric acid cycle intermediates supports augmented astrocyte glutamine 
synthesis via transamination of 2-oxo-glutarate to glutamate, followed by 
glutamine synthase-mediated amidation of glutamate. The glutamine so 
produced is exported from the astrocyte and is readily taken up by 
neighboring neurons, which convert it to glutamate (via glutaminase) or 
GABA (via glutamate decarboxylase). These neurotransmitters are 
returned to the interstitial compartment during synaptic release; glutamate 
that is thereby reacquired by astrocytes is reconverted in part to 
glutamine. 

Thus, the glutamine shuttle plays an important role in brain 
metabolism. Although it appears to represent a net loss of 2-oxo- 
glutarate from the astrocyte citric acid cycle, the loss may be 
compensated for by pyruvate carboxylase-mediated conversion of 
pyruvate to oxaloacetate. Unfortunately, this compensatory pathway 
consumes pyruvate; and, as pyruvate is also the major precursor of lactate, 
availability of lactate for export by the astrocyte in support of neuronal 
utilization during activation could be limited as a result. To some extent, 
this limitation may be ameliorated by neuronal export of alanine which is 
readily utilized by astrocytes, providing both NH 3 for glutamine 
resynthesis and pyruvate 32 . In any case, neuronal uptake of glutamine 
exported from astrocytes would diminish the need for neuronal diversion 
of citric acid cycle intermediates toward neurotransmitter amino acid 
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synthesis. In turn, this would permit maximal commitment of citric acid 
cycle intermediates to ATP generation, thereby augmenting the energy 
available for neuronal activation. 

Apart from its recognized relationship to neurotransmitter generation, 
then, the potentially favorable influence of the glutamine shuttle on 
neuronal energetics should not be underestimated 28 (Fig. 3.2, facing p. 
21). Thus, glutamine alone is able to support ATP generation and rapid 
growth in several normal and neoplastic cell types 33 ’ 34 , including 
hepatoma 35 and fibrosarcoma cells 36 , at rates equal to those attainable with 
glucose as sole substrate; moreover, glutamine is the principal nutrient of 
enterocytes in vivo 33 . In the special case of neuronal activation, however, 
it appears likely that the relative impact of glutamine on each of the two 
obligatory yet potentially conflicting neuronal priorities (i.e., the 
requirement for near simultaneous neurotransmitter release and increased 
energy generation) will depend on the functional state of both the 
astrocyte and the neuron, and on the availability of alternative substrates. 

Recent studies have further addressed the metabolic and energetic 
interactions between the neuron and the astrocyte, as concerns their 
respective roles in cerebral glucose utilization in relation to glutamatergic 
neuron activation. In studies employing l3 C-spectroscopy 37 , it was shown 
that rat cerebral glucose oxidation was coupled stoichiometrically at close 
to 1:1 with glutamate-neurotransmitter cycling, as reflected by the rate of 
glutamine synthesis. The findings were interpreted as showing that, above 
a certain basal level required by ongoing metabolic activity in the non- 
activated neuron, incremental cortical energy production was linearly 
related to the support of glutamatergic synaptic activity. The results of 
these important observations were regarded as consistent with earlier 
evidence 10 which suggested a striking and novel compartmentalization of 
glucose metabolism between astrocyte and neuron 38 . 

In these earlier co-culture studies 10 , it was demonstrated that astrocyte 
uptake of glutamate stimulated glycolysis and release of lactate, which 
was taken up by neurons and oxidized via the citric acid cycle. Thus, 
anaerobic glycolysis would provide the astrocyte with 2 ATP from each 
molecule of glucose. While export of the lactate so produced could 
provide the neuron with an additional approximately 30 ATP (from 
oxidation of two molecules of lactate), this potential energy supply would 
be diminished to the extent that pyruvate is consumed in neuronal 
generation of alanine for export to the astrocyte, as described above 32 . In 
view of the energy costs associated with glutamate uptake and glutamine 
synthesis (1 ATP for each step), these observations were interpreted 37 as 
consistent with earlier evidence of lactate production by astrocytes and 
uptake by neurons 4 ' 6 ' 9 , as well as with the more recent evidence discussed 
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above suggesting a 1:1 stoichiometry between glucose utilization and 
glutamate cycling. Support for this hypothesis was also provided by the 
similarities in glial localization of NaTCATPase and glutamate 
transporter 39 , and by analogous compartmentalization of glucose 
utilization in other systems, including the glial/photoreceptor cells of the 
retina and the Sertoli cells/spermatids of the testis; in both cases, the latter 
cell population u t i li zes lactate generated via glycolysis in the former 10 . 

However, in the above experiments glutamate-stimulated lactate 
production appeared to be higher than would be expected, exceeding the 
apparent uptake of glucose as estimated with 3 H-2-deoxyglucose* '■ 
Furthermore, in cultured astrocytes only a small fraction of exogenous 
glutamate is converted to glutamine, the remainder being utilized in the 
citric acid cycle and other pathways 40 . Although this would permit 
diversion of glucose to the generation and export of lactate, glutamate 
itself would be progressively consumed. Thus, the model 38 would appear 
to require that the products of anaerobic glycolysis (ATP and lactate) be 
dedicated entirely to the generation of intermediates that would be 
unavailable for astrocyte needs: ATP would be consumed in glutamate 
uptake and glutamine synthesis/export 41 , while lactate would be 
exported 28 . In the absence of some other energy source, this would seem 
to be incompatible with astrocyte viability, given other ongoing energy 
needs of this metabolically active cell. Moreover, the glutamine so 
supplied to the neuron may be utilized in pathways other than as a source 
of glutamate 42 . Similarly, as some fraction of the lactate taken up by 
neurons may be utilized in the generation of glutamate 14 ' 43 and alanine 32 , 
not all of it would be available for support of oxidative phsophorylation. 
Furthermore, as discussed above (see this Chapter 13.2.: Carbohydrate 
Metabolism), lactate may not support synaptic function as effectively as 
glucose 17 ' 18 44 , while plasma-derived lactate does not appear to contribute 
to energy generation 19 . Possibly, metabolic demands on the astrocyte 
would be diminished to the extent that interstitial glucose is utilized 
directly by neurons 45 , given that these cells express plasma membrane 
glucose transporters the kinetics of which are relatively favorable 46 . The 
proposed model has been questioned on kinetic and other grounds as 
well 47 . Thus, while it retains attractive features 11 ' 38 ’ 48 " 50 , and given current 
uncertainties in interpretation of isotope exchange data 51 , it is important to 
consider the possibility that in vivo availability of fuels other than glucose 
and glutamine, e.g., fatty acids, could contribute to the support of 
metabolic and energy requirements of the astrocyte. In addition, fatty 
acid oxidation in astrocyte mitochondria would suppress astrocyte PDH, 
thereby limiting oxidation of glucose and possibly glutamate. This 
would permit maximal diversion to the neuron of two substrates that are 
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uniquely important in neuronal activation and synaptic transmission, i.e., 
plasma-derived glucose and astrocyte-generated glutamine. 



13.4. FATTY ACIDS, ANTIOXIDANT DEFENSE, 

HIV DEMENTIA, AND CELL PROLIFERATION 

Substantial evidence indicates that, in contrast to the neuron, both 
neonatal and adult astrocytes are broadly equipped to oxidize long chain 
fatty acids 52 " 55 , and to defend themselves against the formation of reactive 
oxygen species that may emanate from that and other sources. In 
addition to the requisite components for mitochondrial fatty acid |3- 
oxidation, including the liver isoform of CPT-I 5 , the astrocyte expresses 
three or four distinct FABP isoforms, i.e., brain (B-FABP), heart (H- 
FABP), and keratinocyte (K-FABP) 57,58 , and in adult rat, the liver isoform 
(L-FABP) 59 . 

Expression of B-FABP 60,61 is most abundant in glial cells 575862 , is 
regulated developmentally in response to a signal originating in 
neurons 63 , and is expressed in GFAP-expressing malignant glioma cells 64 . 
While its normal expression is region-specific 62 65 , it is the most abundant 
isoform in mature brain, exceeding H-FABP in abundance in mouse 
brain by an order of magnitude 66 . Its binding affinities for most long 
chain fatty acids are similar to those of other mammalian FABP. 
However, human B-FABP preferentially binds oleic acid as well as 
omega-3 (w-3) fatty acids 67 , which may be important in their 
neuroprotective effects 68 69 . In contrast, the affinity of the murine protein 
for arachidonate (20:4co6) is the highest reported for any FABP-ligand 
interaction 70 . B-FABP likely represents the active principle in a partially 
purified brain FABP fraction shown earlier to stimulate synaptosomal 
Na -coupled uptake of aspartate, glutamate, and GABA, through its 
binding and sequestration of long chain fatty acids 59,71 ; this observation 
also demonstrates the vulnerability of this critical transport mechanism to 
inhibition by fatty acids. A cDNA for human B-FABP has been isolated 
and expressed 72 . It exhibits 81-86% nucleotide sequence identities and 
87-91% amino acid sequence identities with rat brain, mouse brain, and 
chick retina FABPs. Recent studies demonstrate that a-synuclein binds 
long chain fatty acids and exhibits certain sequence homologies with 
FABP, suggesting a relationship to the FABP family 73 , and possibly 
contributing to redox-dependent a-synuclein-dopamine adduct 
formation in Parkinson disease 74 . 
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Figure 13.3. Plasma FFA-driven astrocyte ketogenesis: hypothesized neuronal oxidative 
stress and impaired glycolysis. Astrocyte fatty acid uptake, mitochondrial (3-oxidation 
and generation of ketone bodies and ROS, are driven by the plasma concentration of FFA 
([FFA]) and the [FFA]/[albumin] molar ratio; high [FFA] may override the CPT-I carnitine 
palmitoyltransferase-I control point. Ketone bodies and diffusible ROS (e.g., HjtA), are 
exported from the astrocyte. Ketone bodies derived from astrocyte and/or plasma are 
utilized in preference to glucose by nearby neurons, in which their largely unregulated 
entry into mitochondria induces feedback inhibition of both PDF! and glucose utilization 
(see Fig. 13.2), while their uncoupling-like effect may compromise mitochondrial 
energetics. Ketone bodies may also generate neuronal ROS, as the result of their 
relatively uncontrolled fueling of the citric acid cycle and electron transport chain. Thus, 
in addition to the inefficiencies of ketone body utilization as fuel, the neuron may be 
subjected to oxidative stress, reflecting ROS generated in both astrocyte and neuron. 
Dashed lines: inhibition of PDH by increased ratios of acetyl CoA/CoA, ATP/ADP, and 
NADF1/NAD. Abbreviations — CPT-I: carnitine palmitoyltransferase-I; FFA: free fatty 
acid; PDF!: pyruvate dehydrogenase; ROS: reactive oxygen species. 

In view of the fact that long chain fatty acids are not utilized as an 
energy source by most neurons and do not accumulate in the interstitial 
compartment, fatty acid uptake by astrocytes and other glial elements 
appeal's to be directly related to brain uptake of plasma FFA. Similar to 
the hepatocyte, astrocyte fatty acids readily undergo mitochondrial (3- 
oxidation, and thus may contribute to ATP generation via the citric acid 
cycle. As noted, however, the astrocyte also is capable of diverting fatty 
acid-derived acetyl CoA units to the synthesis of ketone bodies (Fig. 3.2, 
facing p. 21, and Fig. 13.3). This process is more efficient than that in 
liver, in that as the process of P-oxidation nears completion in the 
astrocyte, the terminal four carbon remnant is converted directly to 
acetoacetate, bypassing the final thiolase step and the |3-hydroxy-|3- 
methyl-glutaryl CoA cycle segment of the ketogenesis pathway 54 . 
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Ketogenesis in astrocytes is enhanced by tetrahydrocannabinol 75 ' 76 , and 
may also be supported by leucine metabolism 77 . Moreover, CB, receptor- 
mediated utilization of anandamide is associated with lipid peroxidation, 
indicating oxidative stress 78 . In hepatocytes, fatty acids 79 , as well as 
hypoxia and increased [AMP]/[ATP], activate AMP-activated protein 
kinase (AMPK); in both hepatocytes and astrocytes, AMPK augments 
fatty acid oxidation and ketogenesis 80 . After export into the interstitial 
fluid, ketone bodies are readily taken up by neurons as the preferred 
oxidizable substrate 52 " 54 ' 77 as described above (see Chapter 12.3.: Ketone 
Bodies). 

13.4.1. Astrocyte-Neuron Interaction and Oxidative Stress 

This aspect of astrocyte fatty acid metabolism may prove to be 
critically important in astrocyte-neuron interactions in health and disease. 
For example, it appeals likely that mitochondrial (3-oxidation of fatty 
acids would constitute an important energy source for the astrocyte 
during or immediately following neuronal activation, as this is the period 
during which astrocyte citric acid cycle intermediates may be consumed 
in the biosynthesis and export of glutamine and lactate. In this context, 
therefore, availability of plasma-derived long chain fatty acids to the 
astrocyte would help to support neuronal function, in part by suppressing 
astrocyte consumption of glucose (and that of both pyruvate and lactate) 
via inhibition of PDH. Conversely, under conditions predisposing to 
sustained elevation of plasma FFA, such as HIV infection 81 , and obesity, 
insulin resistance, or diabetes mellitus 82 , increased brain fatty acid uptake 
may drive excessive astrocyte fatty acid oxidation and ketogenesis (as 
may also occur in liver), with adverse consequences for both astrocyte 
and neuron. Thus, in the astrocyte, excessive fatty acid oxidation would 
contribute to ROS generation and oxidative stress as a result of 
“leakage” of electrons from the electron transport chain in mitochondria 
(Fig. 13.4) and/or H 2 0 2 -generating fatty acid (3-oxidation in peroxisomes 
(Fig. 13.5). As human astrocytes do not express PPARa 85 , a potentially 
ameliorating adaptive response to these ROS-generating phenomena is 
unavailable (see Chapter 12.4.2.: Oxidation of Fatty Acids). Such 
adverse effects, and a protective effect of fatty acid binding by albumin, 
are demonstrable in vitro 84 . For the neuron, sustained increases in plasma 
FFA may compromise this cell’s function indirectly in several ways. 
Thus, augmented astrocyte ketogenesis would drive increased neuronal 
utilization of ketone bodies in preference to either glucose or lactate 
(Figs. 13.2 and 13.3), impairing efficiency of 
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Figure 13.4. Mitochondrial voltage-dependent anion channel (VDAC) components: 
relationship to electron transport chain and generation of reactive oxygen species. While 
detailed structural relationships remain undefined (see Chapter 3.3.1. Aerobic Glycolysis, 
Mitochondrial Respiration, and Oxidative Phosphorylation), juxtaposition of 
hexokinase to the adenine nucleotide translocase in proliferating cells optimizes kinetics 
of glucose phosphorylation to glucose-6-phosphate and entry into the glycolytic 
pathway, leading to increased pyruvate formation. Increased mitochondrial fatty acid 
oxidation inhibits both pyruvate dehydrogenase and hexokinase (Randle cycle). Excess 
cellular fatty acid abundance may disrupt both VDAC and the contact sites, and overload 
the electron transport chain. This predisposes to “leakage” from complexes I and III, and 
ubiquinone, with formation of ROS. Pro-apoptotic members of the Bcl-2 family (e.g., 
Bax) may be largely cytosolic and associate with the mitochondrial membrane only after 
activation of the apoptotic cascade. Abbreviations — ADP/ATP: adenosine di- 
/triphosphate; CYT C: cytochrome c; A^: inner mitochondrial membrane potential; 
UBIQ: ubiquinone; ROS: reactive oxygen species; VDAC: voltage-dependent anion 
channel. With permission (see Fig. 3.4.) 

activation and promoting oxidative stress. Moreover, oxidative stress- 
induced impairment of neuronal function and synaptic transmission may 
also result from generation in astrocytes of longer-lived diffusible 
oxidants such as H 2 0 2 , which decrease synaptosomal ATP concentration 
and inhibit activation-induced, Ca 2+ -dependent release of glutamate 85 " 89 . 
Finally, generation of ROS and oxidative stress within the astrocyte 
inhibits glutamate uptake 90 , potentially contributing to excitotoxic 
neuronal injury (see Chapter 14.5.2.2.: Excitotoxicity — Origins of 
Oxidative Stress). 

Unfortunately, as has been emphasized 24 ' 91 , neurons (except for those 
expressing UCP-2 and involved in neuroendocrine and metabolic 
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Figure 13.5. Pathways of cellular fatty acid metabolism. Both mitochondrial and 
extramitochondrial FA oxidation pathways are transcriptionally regulated by members of 
the PPAR family. PPAR may be activated by increased cellular abundance of FA, as well 
as other factors acting directly or indirectly. Absence of PPARa in primary human brain 
astrocytes and astrocyte-derived lines (see text) suggests that these cells may be 
compromised in regal'd to a potentially protective adaptive response to increased fatty 
acid exposure (see Chapter 12: Utilization of Oxidizable Substrates in Brain). 

Abbreviations — CPT-I: carnitine palmitoyltransferase-I; FA: fatty acid; FA-CoA: fatty 
acid-coenzyme A thioester; PL: glycerophosphatides; PPAR: peroxisome proliferator- 
activated receptor; TG: triacylglycerols. 

regulation) are less well equipped than astrocytes to mitigate oxidative 
stress, and therefore are more susceptible to its consequences 92 . Thus, 
glial cells in general 93 and astrocytes in particular reportedly contain 
higher concentrations of glutathione than do neurons 92 94 ’ 95 , although 
exceptions have been noted 96 . Mitochondrial manganese superoxide 
dismutase is strongly expressed in astrocytes 97 , but variably in neurons 98 , 
although neurons contain higher concentrations of ascorbate 93 . Astrocyte 
defense against H 2 0 2 is mediated by both catalase and glutathione 
peroxidase 95 ’ 99 , which indirectly may also protect neurons 100 ' 101 ; astrocytes 
also protect neurons against nitric oxide toxicity 102 . In addition, 
astrocytes export glutathione, thereby providing thiols to neurons 95 ’ 103 , and 
rapidly replenish their own normally high glutathione concentrations 95 ' 104 . 
Catalase associated with peroxisome-like structures 105 " 107 , and glutathione 
reductase 108 , are present throughout brain. 
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Two critically important implications of this metabolic specialization 
of neurons and astrocytes deserve particular emphasis. First, neurons 
appear to be far more susceptible than glial cells to the adverse effects of 
exposure to fatty acids and their oxidation products. Second, except as 
noted above (see Chapter 12.4.3.: Fatty Acid Oxidation and Regulation 
of Feeding Behavior), oxidative metabolism of fatty acids in brain under 
normal conditions occurs chiefly in astrocytes or other glia. This 
compartmentalization affords some degree of protection to the neurons 
with respect to the oxidative stress and inefficiency that may result from 
exposure to, and oxidation of, excessive quantities of long chain fatty 
acids. It also establishes a mechanism by which fatty acid oxidation can 
be employed advantageously both as an energy source for the astrocyte 
and/or the in situ generation of important alternative neuronal fuels, i.e., 
ketone bodies. 

To the extent that ketone bodies are needed to support neuronal 
metabolism, they are thus immediately available via ketogenesis in 
adjacent astrocytes. Flowever, ketone body oxidation in neuronal 
mitochondria represents a potentially abundant endogenous cause of 
mitochondrial energetic inefficiency and source of ROS and oxidative 
stress. Thus, excessive brain exposure to FFA (with resulting neuronal 
exposure to ketone bodies) could over time contribute significantly to 
oxidant-induced neuronal injury and the pathogenesis of 
neurodegenerative disorders. Two important and poorly understood 
causes of progressive dementing illness may exemplify the consequences 
of this mechanism. The first, Alzheimer disease, is dealt with in detail 
below (see Chapter 15: Pathogenesis of Alzheimer Disease: Metabolic 
Factors). The second is FHV-associated dementia, alluded to briefly 
above (see Chapter 12.5.: Cytokines and the Brain) and in the following 
paragraph. In this condition, progressive dementia occurs despite the 
absence of neuronal FIIV infection and the lack of any consistent 
relationship to viral burden or FIIV encephalitis extent and location 109 " 111 . 
The latter process appeal's to involve primarily both astrocytes and 
systemic macrophages recruited to take up residence in brain. 

13.4.2. HIV Dementia 

HIV-associated dementia appears to bear certain similarities in its 
pathogenesis to the evolution of the endothelial lesion of atherosclerosis 
(see Chapter 7.4.: Consequences of Intramitochondrial Oxidative Stress: 
Atherosclerosis and Beyond). In the latter, cellular lipid overload 
resulting from sustained increases in uptake of oxidized low density 
lipoproteins (LDL) and/or plasma FFA may drive excessive mitochondrial 
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fatty acid oxidation in both endothelial cell and arterial wall macrophage, 
in turn generating oxidative stress and thus contributing importantly to 
monocyte/macrophage recruitment and the generation of 

proinflammatory cytokines 112119 . As noted above, the proinflammatory 
cytokine response that is a hallmark of advanced HIV infection increases 
adipocyte lipolysis, plasma [FFA], and as a result tissue fatty acid 
uptake 120 . The resulting increases in tissue fatty acid abundance would be 
expected to drive increased mitochondrial fatty acid oxidation in both 
astrocytes and macrophages. Although macrophages express PPARa, 

human brain astrocytes do not 83 (see above, and Chapter 12.4.2.: 
Oxidation of Fatty Acids), and therefore may not adapt sufficiently to 
ameliorate fatty acid oxidation-induced intramitochondrial oxidative 
stress 121 . Excessive astrocytic generation of both diffusible ROS (e.g., 
H 2 0 2 ) and ketone bodies would also adversely affect nearby neurons, in 
which antioxidant defenses are less well developed. The resulting 
oxidative stress-induced neuronal injury would be sustained and 
progressive, while ketone body utilization as fuel would compromise 
neuronal mitochondrial energetics. Available evidence suggests that this 
hypothetical scenario could account for other indications of an altered 
astrocyte-neuron interaction in HIV 122 , and/or neurochemical changes 
observed in a murine model of virally-induced immunodeficiency and 
encephalopathy 123 . While such interactions would be expected to 
contribute significantly to the development and evolution of HIV- 
associated dementia, direct experimental testing of this hypothesis is 
required (see Fig. 13.3, and Chapter 15: Pathogenesis of Alzheimer 
Disease: Metabolic Factors). 

13.4.3. Cell Proliferation and Tumorigenesis 

Neuron-astrocyte metabolic interactions may have other significant 
consequences. Thus, it is possible that increased astrocyte fatty acid 
oxidation and ketogenesis, and the resulting excessive neuronal oxidation 
of ketone bodies, would suppress glucose utilization by both cell types. 
As a result, glucose availability to a proliferative neural progenitor cell 
compartment may be increased 124 " 127 . These cells, which may be either 
glial or neuronal " , are potentially susceptible to the proliferative 

stimulus that abundance of glutamate 131 , glucose, and fatty acids may 
represent (see Chapter 4.4.: Fatty Acids, Modulation of Cell Growth, and 
the AMP- Activated Protein Kinase, and Chapter 8: Metabolism and Gene 
Expression in Liver Regeneration). Glioma cells, in contrast, appear to 
release glutamate, enhancing their own growth by excitotoxic elimination 
of potentially competing neurons 132 . Furthermore, proinflammatory 
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cytokines are mitogenic for astrocytes 133 ' 134 , as they are for hepatocytes 
after partial hepatectomy. In both circumstances, cell proliferation is 
supported by wg/Wnt-like signaling 135 (also, see Chapter 3.3.2.: 
Wingless/Wnt-Like Signaling: Convergence of Antecedents and the 
Unpredictable), suppressed mitochondrial fatty acid oxidation, 
augmented glycolytic fueling of the citric acid cycle, and availability of 
CO-6 fatty acids for membrane and eicosanoid biogenesis (see Chapter 
4.4.: Fatty Acids, Modulation of Cell Growth, and the AMP- Activated 
Protein Kinase). These wg/Wnt-like signaling features are consistent with 
inhibition of neural progenitor cell growth by the tumor suppressor 
PTEN gene product 136 , a lipid phosphatase which inhibits PI3K/Akt/PKB 
signaling 137 . Clearly, the metabolic characteristics of the astrocyte and 
astrocyte-neuronal interaction are of overriding significance; among their 
other effects, they have the potential to influence cell proliferation and 
tumorigenesis in brain. 
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Chapter 14 

Neuronal Energy Metabolism in Brain: Astrocyte 
as both Metabolic “Buffer” and Mediator of 
Neuronal Injury 



14.1. INTRODUCTION 

The metabolic interactions discussed above suggest that astrocytes 
support neuronal function by providing substrates required for 
generation of both neurotransmitter amino acids and ATP, as well as 
through their neuroprotective antioxidant function. Astrocytes thereby 
buffer neuronal dependence on, and vulnerability to, concentrations of 
essential substrates in plasma, which could be compromised by factors 
affecting systemic metabolism and/or local delivery. For example, 
availability of ketone bodies within the interstitial compartment reflects 
not only uptake from plasma (largely determined by plasma ketone body 
concentration) but also in situ generation by astrocytes (largely 
determined by plasma FFA concentrations, plasma FFA:albumin molar 
ratio, and activity of astrocyte fatty acid ^-oxidation and ketogenesis 
pathways). Unfortunately, this interaction may also be deleterious. The 
potential importance of these interactions is illustrated by consideration 
of the following physiological and pathological phenomena, and is 
developed more extensively in the subsequent discussion of Alzheimer 
Disease (Chapter 15: Pathogenesis of Alzheimer Disease: Metabolic 
Factors). 
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14.2. ACTIVATION-RELATED GLUCOSE AND 
OXYGEN CONSUMPTION 

Regional increases in blood flow induced by neuronal activation result 
in increased flow-dependent glucose extraction and consumption, 
whereas uptake of FFA and of ketone bodies, being relatively flow- 
independent, is therefore more constant. In terms of neuronal substrate 
supply, these contrasting responses to changes in perfusion imply that the 
ratio of glucose availability to that of systemically or locally produced 
ketone bodies is lower for resting, non-activated neurons and higher for 
activated neurons. Activation-induced increases in the ratio of glucose 
utilization (and of glutamine-derived 2-oxo-glutarate) to that of ketone 
bodies by the neuron would augment and thus the rate and 

efficiency of neuronal ATP generation. Several studies have suggested 
that, despite the activation-induced increase in neuronal glucose 
utilization, oxygen consumption (i.e., cerebral metabolic rate of oxygen 
— CMRO 2 ) remains relatively constant during this process 1 " 3 ; this results 
in an activation-induced dissociation between utilization of glucose and 
that of oxygen. Other reports have questioned this interpretation, 
suggesting that: 1) the apparent dissociation of glucose and oxygen 

consumption is transient, not accounted for by lactate, and is 
compensated for after stimulation (data based on cerebral arteriovenous 
concentration differences and immediate in situ brain freezing) 4 ; or 2) 
that oxygen consumption increases even before cerebral blood flow 
(CBF) (data based on direct measurement of activity-dependent changes 
in oxygen tension) 5 . Although this question remains controversial 6 ' 9 , 
several recent studies employing functional MRl 10 12 or PET 13 demonstrate 
that the increase in CMR0 2 induced by metabolic activity is indeed 
proportionately less than the increase in CBF and, therefore, in glucose 
uptake. 

Although some uncertainty persists, such a dissociation would not be 
unexpected, given that the yield of ATP per molecule of 0 2 consumed is 
greater with glucose and/or glutamine than with ketone bodies, as 
discussed above (see Chapterl2.3.: Ketone Bodies). Indeed, the findings 
are consistent with the concept that activation-related, glucose-supported 
regional rates of oxygen consumption are lower than would be required 
for comparably increased ATP generation through oxidation of ketone 
bodies. The “discrepancy”, then, would reflect not a shift to anaerobic 
glycolysis or delayed oxidation of glycolysis-derived intermediates, but 
rather the increase in efficiency of aerobic metabolism (thus, relatively 
constant oxygen consumption) that would be expected of a shift to more 
efficiently utilized substrate that results from increased glucose 
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utilization. The converse is of equal importance. Thus, oxygen 

consumption is relatively constant despite decreased glucose utilization, 
e.g., as is documented to occur in Alzheimer disease (see Chapter 15: 
Pathogenesis of Alzheimer Disease: Metabolic Factors). This 

circumstance would be analogous to the cessation of neuronal activation 
with return to basal levels of regional blood flow and glucose uptake. It 
suggests that the non-activated neuron preferentially utilizes the 
energetically less efficient ketone bodies derived from astrocytes (see 
Chapter 12.3.: Ketone Bodies). An alternative hypothesis is that much of 
the increase in glucose utilization is directed toward the relatively 
oxygen-independent de novo synthesis of glutamate 14 ' 15 ; these 
interpretations would not appear to be mutually exclusive. 



14.3. INCREASES IN PLASMA CONCENTRATIONS OF 
KETONE BODIES AND FFA 

In starvation, FFA mobilization from adipose tissue and hepatic 
ketogenesis are augmented; plasma concentrations of ketone bodies and 
FFA are increased, while that of glucose is decreased. As a result, brain 
extraction of ketone bodies and FFA, being directly proportional to their 
plasma concentrations, also increases, both absolutely and relative to that 
of glucose. Increased extraction of ketone bodies and their preferential 
neuronal utilization would result in a corresponding pyruvate 
dehydrogenase-mediated suppression of glucose utilization (Figs. 14.1 
and 14.2). FFA, in contrast, are utilized primarily by astrocytes, which 
convert them at least in part to ketone bodies. The latter would be 
exported and rapidly utilized preferentially by neurons along with 
plasma-derived ketone bodies. Increased utilization of ketone bodies, 
from either or both souces as substrate would render generation of 
neuronal metabolic energy less efficient, implying that neuronal 
activation under these conditions would be suboptimal. 

Elevation of plasma FFA may also be more sustained, as occurs in 
association with HIV infection, obesity, insulin resistance, and diabetes 
mellitus 16 ' 18 . As in starvation, brain uptake of FFA, astrocyte fatty acid 
oxidation and ketogenesis, and the supply of ketone bodies and diffusible 
oxidants (e.g., H 2 0 2 ) to neurons would also increase. Fatty acid and 
ketone body oxidation-induced, PDH-mediated suppression of brain 
glucose utilization (Figs. 14.1 and 14.2) would represent a local 
equivalent of “insulin resistance”, while neuronal utilization of ketone 
bodies as fuel would compromise mitochondrial energetics and 
efficiency. Chronic exposure to such conditions may promote ROS 
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Figure 14.1. Fatty acid and ketone body oxidation in mitochondria suppresses 
glycolysis. Mitochondrial p-oxidation of fatty acids (astrocytes) and ketone bodies 
(neurons) generates three moieties which activate kinase-mediated feedback inhibition of 
PDH, i.e., acetyl CoA, ATP, and NADH. This effect, together with an accompanying 
suppression of glycolysis, decreases mitochondrial oxidation of pyruvate, and overall 
utilization of glucose. In peripheral tissues, especially muscle, this effect of 
mitochondrial fatty acid oxidation contributes to the “Randle cycle” inhibitory effect on 
glucose utilization and insulin resistance. Dashed lines: inhibition of PDH by acetyl 
CoA/CoA, ATP/ADP, and NADH/NAD. Abbreviations — ATP: adenosine triphosphate; 
CPT-I: carnitine palmitoyltransferase-I; NADPH: nucleotide adenine triphosphate, reduced 
form; PDH: pyruvate dehydrogenase. 

generation, impaired neuronal activation, oxidative stress-induced 
neuronal injury, and contribute to the pathogenesis of neurodegenerative 
processes such as HIV dementia and Alzheimer disease. 



14.4. KETOGENIC DIET AND CONTROL OF SEIZURE 
ACTIVITY 

Seizure activity involves excessive, repetitive, and synchronous 
neuronal activation. These repeated cycles of membrane depolarization 
and repolarization obligate substantial increases in neuronal substrate 
utilization, and in the rates at which ATP is generated and consumed. 
Regional blood flow increases, as does utilization of glucose and, in this 
extreme circumstance, oxygen. Experimentally, it can be shown that 
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Neuron Astrocyte Capillary 




Figure 14.2. Plasma FFA-driven astrocyte ketogenesis: hypothesized neuronal oxidative 
stress and impaired glycolysis. Astrocyte fatty acid uptake, mitochondrial (5-oxidation 
and generation of ketone bodies and ROS, are driven by the plasma concentration of FFA 
([FFA]) and the [FFA]/[albumin] molar ratio; high [FFA] may override the CPT-I carnitine 
palmitoyltransferase-I control point. Ketone bodies and diffusible ROS (e.g., H^), are 
exported from the astrocyte. Ketone bodies derived from astrocyte and/or plasma are 
utilized in preference to glucose by nearby neurons, in which their largely unregulated 
entry into mitochondria induces feedback inhibition of both PDH and glucose utilization 
(see Fig. 14.1), while their uncoupling-like effect may compromise mitochondrial 
energetics. Ketone bodies may also generate neuronal ROS, as the result of their 
relatively uncontrolled fueling of the citric acid cycle and electron transport chain. Thus, 
in addition to the inefficiencies of ketone body utilization as fuel, the neuron may be 
subjected to oxidative stress, reflecting ROS generated in both astrocyte and neuron. 
Dashed lines: inhibition of PDH by increased ratios of acetyl CoA/CoA, ATP/ADP, and 
NADF1/NAD. Abbreviations — CPT-I: carnitine palmitoyltransferase-I; FFA: free fatty 
acid; PDH: pyruvate dehydrogenase; ROS: reactive oxygen species. 

cerebral ATP concentrations and ATP/ADP ratios fall, but these changes 
are greatly ameliorated if cerebral arterial oxygenation is maintained 19 , 
implying that oxygen and oxidative phosphorylation rather than substrate 
availability are limiting under these conditions. Thus, the seizure places 
an extreme demand on neuronal mitochondrial oxidative pathways and 
the electron transport chain. As the rate of ATP generation depends on 
AW m , it follows that initiation and peipetuation of seizure activity is 
necessarily linked to this key determinant of oxidative phosphorylation. 

For reasons discussed above, reliable support of A l F m generally 
requires provision of glycolysis-derived pyruvate to the citric acid cycle, 
reflecting its efficient generation of ATP and tightly regulated PDH- 
mediated entry of acetyl CoA into the citric acid cycle (Fig. 3.2, facing p. 
21). The resulting control of electron transport chain flux would tend to 
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minimize “leakage”, ROS formation, and oxidative stress. Conversely, 
increased neuronal oxidation of ketone bodies, generated either in 
astrocytes 20 or liver, would inhibit PDH, thereby suppressing glycolytic 
fueling of the electron transport chain (Fig. 14.1; also, see Chapter 12.3.: 
Ketone Bodies). High rates of ketone body oxidation may also exert 
uncoupling-like effects and promote oxidative stress. Both of these 
mitochondrial effects compromise and ATP generation, would be 

expected to diminish the likelihood of seizure initiation and to limit its 
duration, and may account for adverse cognitive effects of ketogenic 
weight-reducing 21 and seizure-suppressing' 2 diets. Although this concept 
awaits experimental verification, it could largely account for seizure 
control by the ketogenic diet, the mechanism of which has remained 
unknown 23 . Ketone bodies also increase the abundance of the inhibitory 
neurotransmitter GABA in rat brain synaptosomes, an effect which if 
manifest in vivo would also limit seizure activity 24 . An alternative 
interpretation of the metabolic effects of ketone bodies has been 
proposed 25 . 

14.5. SYNAPTIC TRANSMISSION, LONG-TERM 
POTENTIATION, AND EXCITOTOXICITY 

14.5.1. Energetic Considerations in Synaptic Transmission 

Most excitatory synaptic transmission in brain is mediated by 
glutamatergic neurons. In this process, activation-induced release of 
glutamate from the presynaptic nerve terminal increases its concentration 
in the synaptic cleft, resulting in the activation of three classes of 
glutamate receptor ion channels in the postsynaptic neuron 26 " 7 . These are 
named for the synthetic, physiologically irrelevant glutamate analogs that 
activate them experimentally, i.e., N-methyl-D-aspartate (NMDA), a- 
amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), and kainate. 
Upon activation, channel opening permits movement of Ca 2+ and/or Na + 
down their electrochemical gradients into the postsynaptic neuron, which 
is thereby depolarized. Expenditure of metabolic energy is obligated in 
the subsequent restoration of neuronal membrane polarization, through 
increased activity of ATP-coupled membrane ion transporters. As 
discussed, generation of this ATP requires corresponding increases in 
citric acid cycle activity and oxidative phosphorylation. 

Precision in synaptic transmission is achieved in part by the brief 
duration and rapid repetition of each impulse 28 29 , thus permitting 
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continuous modulation of neuronal activation and signal amplitude as 
may be dictated by changing circumstances. In contrast to the 
cholinesterase-mediated hydrolysis of acetyl choline in cholinergic 
neurotransmision, these characteristics are conferred in the case of 
glutamatergic transmission by rapid removal of glutamate from the 
synaptic cleft by adjacent astrocytes and neurons. The uptake process is 
mediated by specific plasma membrane glutamate transporters, largely 
Na + -C0upled and thus dependent on both glutamate concentration and 
transmembrane electrochemical Na + gradient. Astrocytes do not undergo 
depolarization and would therefore be expected to take up glutamate at 
sustained high rates. Neuronal uptake, in contrast, would be expected to 
vary as influenced by activation-related changes in membrane potential. 
Rapid reduction of glutamate concentration in the synaptic cleft promotes 
ion channel closure, permitting postsynaptic neuronal repolarization and 
repeated subsequent depolarization events as dictated by the frequency of 
presynaptic neuronal re-activation and neurotransmitter release. 

Although depolarization of postsynaptic neurons results from the 
opening of glutamate-activated Ca 2+ and Na + channels, there is evidence 
that can be interpreted as suggesting that glutamate’s contribution to the 
overall depolarization/repolarization cycle is not limited to this initiating 
event. Thus, not only astrocytes but also postsynaptic neurons possess 
Na + -dependent glutamate transporters 26 ' 30 " 40 . Inhibitors of glutamate 
transporters induce neuronal death in vivo 41 " 44 , suggesting that these agents 
predominantly affect glutamate uptake by astrocytes. However, 
glutamate transporters differ in distribution and sensitivity to 
pharmacological inhibition 34,44 ' 45 and hypoxia-ischemia 46 , thus 
complicating interpretation of in vivo experiments with regard to the 
inhibitors’ primary site(s) of action. 

Carrier-mediated glutamate entry into the cytosol of the postsynaptic 
neuron is presumably driven by the resultant of the transmembrane Na + 
electrochemical gradient and synaptic cleft glutamate concentration 40 . 
Although morphological data suggested that the specifically neuronal 
transporter EAAC1 was principally localized in non-synaptic regions of 
the postsynaptic neuron 32 , other evidence indicates a primarily 
dendrosomatic localization ' ’ . Indeed, postsynaptic neuronal uptake 
may contribute significantly to removal of glutamate from the synaptic 
cleft 31 ' 34 , and thereby to ion channel closure. Neuronal uptake of 
glutamate may also be mediated by a glutamate-cystine exchanger, with 
potentially significant effects on neuronal energy and redox balance 47 
(also, see this Chapter 14.5.2.1.: Long-Term Potentiation, and 14.5.2.2.: 
Excitotoxicity — Origins of Oxidative Stress). Furthermore, it is of 
particular interest and importance that glutamate uptake may subserve an 
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additional function within the postsynaptic neuron itself. This function, 
involving a direct relationship to the energetics of neuronal 
repolarization, potentially provides insight into both the mechanism of 
long-term potentiation 48 and the pathogenesis of “excitotoxicity”, i.e., 
glutamate-induced neuronal injury 49 ' 50 . 

Neuronal utilization of glutamate largely reflects either its glutamate 
decarboxylase-mediated biotransformation to GABA (perhaps unlikely in 
the postsynaptic nerve terminal) or its conversion to the citric acid cycle 
intermediate 2-oxo-glutarate by glutamate dehydrogenase or 
aminotransferases 51 . In astrocytes, glutamate metabolism is largely 
partitioned between either glutamine synthesis or entry (as 2-oxo- 
glutarate) into the citric acid cycle, the latter increasing in proportion to 
extracellular glutamate concentration 52 ' 53 ; presumably pathways of 
metabolism in neurons would also exhibit such concentration 
dependence. Glutamate may also modulate VDAC conductivity 54 . To the 
extent that glutamate-derived 2-oxo-glutarate utilization increases 
neuronal citric acid cycle activity 39 , electron transport chain flux and 
oxidative phosphorylation would also increase. Thus, glutamate in the 
synaptic cleft effects ion channel-mediated depolarization of the 
postsynaptic neuron, while glutamate uptake into postsynaptic neuronal 
mitochondria would potentially contribute to generation of the ATP 
required for neuronal repolarization. 

Because of glutamate-induced increases in activity of the citric acid 
cycle and electron transport chain, PDH would be relatively inactivated, 
effecting compensatory decreases in glucose and pyruvate utilization. 
This would serve to optimize efficiency of the system by controlling 
substrate utilization and thus the flow of electrons into the electron 
transport chain, thereby minimizing electron “leakage” that would 
otherwise result in ROS generation and oxidative stress. Under normal 
conditions, therefore, a smoothly operating reciprocal modulation of 
glucose and glutamate utilization could be envisioned, fueling ATP 
generation in the postsynaptic neuron while responsive to the activity of 
synaptic transmission, and minimizing the generation of ROS and 
oxidative stress. The reported regional correlation between glucose 
utilization and glutamate abundance 55 would be consistent with such an 
interaction. It is of considerable interest in this context that, unlike the 
excitatory neurotransmitter glutamate, the inhibitory neurotransmitter 
GABA is also transported into the neuron where it not only diminishes 
utilization of glutamate in energy generation 56 but is itself poorly utilized 
in the citric acid cycle 24 . The fact that the effects of these “excitatory” 
and “inhibitory” neurotransmitters on postsynaptic neuronal activity 
appear to parallel their support of postsynaptic neuronal energy- 
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generating metabolic pathways suggests that their consequences may also 
be causally linked. That is, that “excitatory” and “inhibitory” 
neurotransmission may at least in part result from direct interaction of the 
neurotransmitter with, and utilization in, postsynaptic neuronal energy 
generation. If validated, this concept may contribute to an understanding 
of two phenomena in which the postsynaptic neuron is exposed to greater 
than usual amounts of glutamate, i.e., long term potentiation (LTP) and 
experimental excitotoxicity. 

14.5.2. Augmented Glutamate Exposure: Long Term 
Potentiation and Excitotoxicity 

Despite their strikingly divergent effects on neuronal function, current 
evidence is consistent with the possibility that both of these phenomena 
reflect postsynaptic neuronal energetic responses to increased glutamate 
exposure, with linkage in both cases to wg/Wnt-like signaling, but with 
critically important differences in the intensity, rate, and duration of the 
exposure. Thus, LTP results from more frequently repeated 
physiological presynaptic glutamate discharges over time, whereas 
excitotoxicity is induced by acute and potentially lethal exposure to 
unphysiologically high glutamate concentrations. In LTP, time- 
dependent postsynaptic neuronal adaptive processes may be activated in 
response to metabolic changes; in acute excitotoxicity such adaptative 
responses are precluded. 

14.5.2.1. Long-Term Potentiation. 

Repeated physiological synaptic activity would increase the frequency 
with which glutamate concentration is elevated in the synaptic cleft. As 
discussed above, this would increase the frequency of physiological 
glutamate entry into the postsynaptic neuron, providing increased 
amounts of 2-oxo-glutarate to the citric acid cycle. To the extent that the 
resulting increase in citric acid cycle activity exceeds cell energy 
demands, high and accumulation of ATP would be reflected in a 
decreased availability of ADP, constraining the rate at which electrons in 
the electron transport chain could be consumed in oxidative 
phosphorylation, and thereby promoting electron “leakage” and 
generation of ROS 57 " 59 (also, see Chapter 7.4.2.2.: Paradoxical Benefits of 
Adversity). Glutamate inhibition of neuronal cystine uptake, and 
therefore of glutathione synthesis 47 , would aggravate the adverse 
consequences of this potentially ROS- and oxidative stress-inducing 
effect. Such circumstances are dealt with in other cell types through a 
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variety of protective mechanisms, which may involve activation of 
antioxidant defenses such as glutathione synthesis and superoxide 
dismutase expression. In the poorly antioxidant-defended neuron, 
however, these measures are less readily available (see Chapter 13.4.: 
Fatty Acids, Antioxidant Defense, HIV Dementia, and Cell Proliferation). 

Other less direct responses may appear to be energetically wasteful but 
also decrease the abundance of electrons in the electron transport chain. 
For example, in several cell types including the brown adipocyte, 
myocyte, and hepatocyte, mitochondrial uncoupling proteins (UCP) may 
be expressed. As noted, UCP2 expression has also been demonstrated in 
hypothalamic neurons involved in neuroendocrine and metabolic 
regulation 60 ' 63 (see Chapter 12.4.3.: Fatty Acid Oxidation and Regulation 
of Feeding Behavior). These, and uncouplers of oxidative 
phosphorylation in general, decrease ROS formation by accelerating the 
removal of electrons from the electron transport chain, permitting their 
reaction directly with protons and oxygen to form H 2 0. As this process 
bypasses ATP synthase, the electrochemical energy that would otherwise 
be utilized to synthesize ATP is diverted to thermal energy instead 64 ' 68 . 
Similar to UCP, Enrichment of the mitochondrial membrane with u)-3 
fatty acids also increases its permeability to protons 69 (also, see Chapter 
4.3.: Omega-3 Fatty Acids), conferring neuroprotection 70 ' 71 and 

preventing impairment of LTP, e.g., by radiation-induced ROS 
generation 72 . For most brain neurons under normal conditions, however, 
antioxidant defenses are limited, and neither the rise in temperature 61 ' 63 ' 73 
nor the compromised AWn, that necessarily result from uncoupling of 
oxidative phosphorylation would seem compatible with the stringent 
physicochemical requirements for optimal control of neruonal activation 
and synaptic function. Thus, an alternative mechanism, in which 
increased expenditure of ATP were utilized to support a physiologically 
beneficial activity, would seem preferable. 

Increased expression of the glutamate-sensitive AMPA receptor- 
(AMPAR)-activated Na7K + channel, a characteristic of long term 
potentiation 48 ' 74 ' 75 , would accomplish this objective. Relative to 
postsynaptic neurons expressing NMDA receptors only, synaptic 

depolarization of postsynaptic neurons which in addition express 
AMPAR would increase transmembrane ion flux (excitatory postsynaptic 
current - EPSC). As a corollary, their repolarization would obligate a 
correspondingly greater expenditure of energy as ATP, thereby 
accelerating flux through an otherwise relatively stagnant electron 
transport chain. This concept is consistent with other evidence of the 
importance of mitochondrial energetic integrity in the process 76 . If the 
concept is correct, such neurons should be capable of attaining maximal 
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rates of ATP generation that exceed those of non-adapted neurons. 
Moreover, NMDA-induced Ca 2+ entry would serve to activate not only the 
a-calcium-calmodulin-dependent protein kinase II (CaMKII) 48,77 and 
wg/Wnt-like PI3K/Akt/PKB signaling 78 , but also citric acid cycle-associated 
dehydrogenases, thereby accelerating NADH formation, electron 
transport chain flux and ATP generation 79,80 . 

This hypothetical formulation, in which the phenomenon of long term 
potentiation is addressed in terms of the metabolic and energetic activity 
and demands of the postsynaptic neuron, appears to be consistent with 
current understandings of LTP, is compatible with the recently 
recognized importance of protein kinase A-mediated phosphorylation of 
AMPA subunits in synaptogenesis 81 , and would satisfy LTP requirements 
for Ca 2+ , CaMKII, and increased AMPAR-mediated EPSC 48,74,82 . 
Moreover, it is consistent with recent evidence that astrocyte-released 
TNFa is important in AMPAR expression and maintenance of synaptic 
strength 83 ; the latter may be related to the energetic effects of TNFR1- 
induced activation of wg/Wnt-like signaling 84 (also, see Chapter 15.4.2.: 
Wingless/Wnt-Like Signal Transduction and Effects of Lithium, and 
Chapter 3.3.2.: WinglessAVnt-Like Signaling: Convergence of 

Antecedents and the Unpredictable). Further, these effects are consistent 
in the aggregate with recent evidence that wg/Wnt-like PI3K/Akt/PKB 
signaling is required in synaptic strength and LTP ’ , involving its direct 
interaction with AMPAR in the latter's synaptic membranous insertion 88 . 

Given these observations, it may seem difficult to reconcile the overall 
importance of insulin, wg/Wnt-like signaling, and glucose utilization in 
cognitive function (see Chapter 15: Pathogenesis of Alzheimer Disease: 
Metabolic Factors), with evidence that insulin induces endocytotic 
removal of membrane AMPAR 89 ' 92 . Perhaps this apparent contradiction 
may be reconciled if insulin and other activators of wg/Wnt-like signaling 
such as integrins 93,94 serve energetically to support sustained cycling of 
AMPAR, rather than either its membranous insertion or removal alone. 
Overall, the present formulation is compatible with several recognized 
characteristics of LTP. Thus: 1) LTP is associated with an NMDA 
receptor-dependent increase in translocation of the EAAC1 glutamate 
transporter from cytosol to plasma membrane as well as in glutamate 
uptake 40 ; 2) AMPAR turnover is rapid and involves multiple 
compartments 89,95,96 ; 3) phosphorylation of glutamate receptor-gated ion 
channels enhances ESPC 97 ; 4) NMDA receptor subtype populations 
differentially influence the process 98 and may be subject to negative 
regulation by H-Ras"; and 5) ROS, e.g., as would be generated by the 
above hypothesized glutamate-induced increase in electron transport 
chain flux, both contribute to LTP 100 and activate wg/Wnt-like 
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PI3K/Akt/PKB signaling, whereas increased fatty acid abundance, e.g., in 
obesity 101 may disrupt this pathway (see Chapters 3.3.2.: Wingless/Wnt- 
Like Signaling: Convergence of Antecedents and the Unpredictable; 
3. 3.2. 3.: Reactive Oxygen Species; and 7 .4.2.2.: Paradoxical Benefits of 
Adversity). The formulation should be amenable to experimental testing. 

14.5.2.2. Excitotoxicity - Origins of Oxidative Stress 

Excitotoxicity, in contrast to long term potentiation, results from acute 
neuronal exposure to concentrations of glutamate that are 

unphysiologically high, as a result of which adaptation is necessarily 
limited or precluded. It is characterized by apoptotic or necrotic 

neuronal death caused by altered mitochondrial function and oxidative 
stress, accompanied by changes in neuronal Ca 2+ metabolism 102 " 104 , and 
efflux of glutathione 105 . The initiating exposure to glutamate or NMDA 
opens the NMDA-activated glutamate receptor-associated Ca 2+ channel, 
and excitotoxicity is prevented or ameliorated experimentally under 
conditions in which extracellular [Ca 2+ ] is low or the NMDA receptor is 
blocked 64 ’ 102 ’ 106 . 

The pathogenesis of this complex process, however, remains 
incompletely understood. Thus, neuronal sensitivity to glutamate toxicity 
is modulated by other substances in serum 107 . Further, the commonly 
employed NMDA receptor antagonist MK801 also inhibits monoamine 
transporters 108 , implying that one or more other actions may complicate 
interpretation of its protective effect. Moreover, accumulating evidence 
indicates that factors other than Ca 2+ influx are involved 26 ' 107 ' 109 ' 111 . For 
example, changes in bulk cytoplasmic free [Ca 2+ ] appear to depend on 
interaction with intracellular Ca 2+ stores, especially mitochondrial, do not 
necessarily directly reflect Ca 2+ entry via glutamate-activated ion 
channels 112 " 115 , and do not necessarily correlate with the severity of 
injury 113 ' 115 ' 116 . In addition, cell death and extracellular [Ca 2+ ] have been 
dissociated in a model of thapsigargin-induced apoptosis in the neuronal 
GT1-7 cell line 117 , NMDA receptor-mediated Ca 2+ channel activation has 
been specifically excluded in a model of glutamate toxicity in PC 12 
cells 110 , and increased [Ca*] was observed to follow rather than precede 
glutathione depletion induced by diminished cystine uptake and 
oxidative stress 47 . 

To the extent that Ca 2+ does contribute to this process, its effects may 
be related in part to enhanced activity of citric acid cycle-associated 
dehydrogenases, which promote NADH generation and election transport 
chain flux as discussed above 79 ' 80 (also, see this Chapter 14.5.2.1.: Fong- 
Term Potentiation). This would be consistent with evidence that pyruvate 
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and malate, which provide regulated entry of fuel into the citric acid 
cycle, protect against glutamate excitotoxicity and decrease [Ca 2+ J by 
increasing its mitochondrial sequestration 118 ' 119 . A role for oxidative stress 
in excitotoxicity is supported by the results of numerous 
studies 26 ' 47 ’ 102 ’ 110 ’ 120 ; it is not apparently attributable to phospholipase A2- 
mediated release of arachidonic acid, nor to formation of eicosanoid 
arachidonate metabolites 64 ' 106 . Information concerning a contributory 
role of NOS is conflicting 50 ’ 64 , 

These diverse observations may be reconciled if the origin of 
oxidative stress and the pathogenesis of excitotoxicity were to reflect at 
least in part the consequences of excessive increases in citric acid cycle 
and electron transport chain activity. Such increases could be induced by 
the effects of glutamate, acting both as inhibitor of cystine uptake — and 
thus of both glutathione formation and antioxidant defense 47 — and as 
citric acid cycle substrate (i.e., as 2-oxo-glutarate), combined with those 
of Ca 2 \ acting as mitochondrial matrix dehydrogenase activator 79 80 . 
Together, their augmentation of electron transport chain flux would 
promote ROS generation. Oxidative stress, moreover, would be 
augmented by glutamate-induced depletion of glutathione in both 
mitochondria and cell 47 ' 105 ' 121 . Oxidative stress appears to increase [Ca 2+ J 47 , 
while increases in both ROS generation and Ca 2+ abundance would 
contribute to permeability transition pore opening, collapse of A^, and 
cell death ’ ' . In light of these considerations, uncertainties concerning 
this complex pathogenesis may in part relect findings in studies of 
cellular responses to non-physiological NMDA-receptor ligands (e.g., 
NMD A itself), the impact of which on mitochondrial energetics would 
differ substantially from that of the pathophysiologically relevant 
glutamate. 

Although extramitochondrial processes could also generate ROS in 
this setting 124 , an intramitochondrial origin is supported by several 
studies 64 ' 106 ’ 125 . This would also provide a mechanistic basis for the 
presumably NFKB -mediated 126 ' 128 sustained expression of COX2 in 
dendritic arborizations of excitatory cortical neurons 129 . Direct 
mitochondrial involvement in excitotoxicity is further supported by 
evidence that the relative resistance to NMD A excitotoxicity of cultured 
neurons from immature rats is unrelated to peak [Ca 2 *], but instead 
depends on mitochondrial A^-dependent maintenance of ensuing 
[Ca*,] homeostasis 130 . Finally, a mitochondrial origin is most consistent 
with the observation that the oxidative phosphorylation uncoupler FCCP 
prevented oxidative stress 64 . As discussed in the preceding section 
addressing Long-Term Potentiation, and below, the uncoupler in this 
setting would both decrease A^-driven entry of Ca 2+ entry into the 




290 



Chapter 14 



mitochondrial matrix and accelerate removal of electrons through the 2- 
electron reduction of oxygen to H 2 0. Together, these effects would 
decrease electron abundance at more proximal sites in the electron 
transport chain — complexes I and III, and ubiquinone — at which 
electron “leakage” with ROS formation is most prominent. 

Uncouplers of oxidative phosphorylation diminish mitochondrial 
ROS generation in diverse settings 64 " 68 , and this mechanism would also 
account for the neuroprotective effect of salicylate, a recognized 
uncoupler of oxidative phosphorylation 131 " 133 . Salicylate may also act as a 
trap for hydroxyl radicals 134 . It has been suggested that salicylate 
neuroprotection reflects suppression of an adverse effect of the 
transcriptional regulator NFkB 135 . However, it appears more likely that 
suppression of NFkB activation is not protective per se, but rather is a 
consequence of the suppressive effect of the uncoupling agent on the 
mitochondrial ROS generation, upon which NFkB activation may 
depend " . Depolarization of mitochondria with rotenone/oligomycin 
also diminishes electron “leakage” and superoxide generation, in this 
case by blocking electron entry into the electron transport chain at 
complex I. Conversely, and consistent with this general formulation, 
inhibition of the electron transport chain at complex III by antimycin 
A 115 ' 136 augments ROS generation through electron “leakage” from the 
“upstream” complex I and ubiquinone. Thus, while mitochondrial 
polarization (i.e., the maintenance of a significant AV m ) is viewed as an 
indicator of increased likelihood of excitotoxic death, this may simply 
reflect: 1) the necessarily higher electron transport chain flux upon which 
polarization (A l P m ) depends, the propensity of which to generate ROS is 
inherently greater; and 2) the increased propensity of maximally 
energized mitochondria, in which ADP availability is diminished, to 
“leak” electrons and generate ROS 57 59 (also, see Chapter 7.4. 2. 2.: 
Paradoxical Benefits of Adversity). 

The relationship between glutamate-induced excitotoxicity and 
mitochondrial energetics proposed here is consistent with evidence that 
mitochondrial energetics are intimately linked to the wg/Wnt-like 
PI3K/Akt/PKB pathway in a concentration-dependent or graded manner, 
as discussed in connection with LTP (this Chapter 14.5.2.1.: Long-Term 
Potentiation; also, see Chapter 15.4.2.1.: Wingless/Wnt-Like Signaling). 
Thus, glutamate excitotoxicity may actually be suppressed by PI3K- 
mediated signaling initiated by NMDA 137 and hepatocyte growth factor 138 , 
as well as by lithium 137 ' 139 ' 140 which augments PI3K/Akt/PKB signaling 
through inhibition of GSK3(3. 

As suggested (see this Chapter 14.5.1.: Energetic Considerations in 
Synaptic Transmission), utilization of glucose and glutamate may be 
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normally balanced such that the potential for oxidative stress is 
minimized. This balance could be perturbed under various conditions in 
which altered rates of substrate utilization and/or other factors promote 
electron “leakage” from the electron transport chain, generating ROS. 
For example, excessive glutamate entry into the postsynaptic neuron may 
be driven by abnormally high concentrations in the synaptic cleft as the 
result of insufficient glutamate uptake by astrocytes 141 , a process which is 
inhibited by ROS 142 " 144 , by |3 amyloid (25-35) 145 , and under certain 
conditions by TNFa 146 . Excess influx of glutamate may exceed neuronal 
energy needs and thus its capacity to utilize substrate for ATP generation. 
As noted above, the implied limitation in availability of ADP for oxidative 
phosphorylation would suppress electron transport chain flux, an effect 
which may also result from hypoxia or chemical inhibitors such as 
cyanide 110 . Glutamate may also directly modulate VDAC activity and 
thus ADP-ATP exchange 54 . 

The concept that excitotoxicity may result from disruption of 
mitochondrial energetics and electron transport chain-related ROS 
generation is further supported by evidence that inhibition of the 
complex II enzyme succinate dehydrogenase (and as a result the citric 
acid cycle) is sufficient to initiate excitotoxicity as well as to increase 
sensitivity to glutamate 147 ' 150 . Further, the concept is consistent with 
available information concerning the complex interactions among several 
key areas and issues. These include: 1) mitochondrial energetics and 
ROS generation; 2) ATP abundance, and extra- and intracellular sources 
of cytosolic Ca 2+ 110 ' 115 ' 151,152 ; 3) the fact that glutamate excitotoxicity may 
occur independent of neuronal depolarization 153 ; and 4) the temporally 
distinctive clinical expressions of the process in acute vs. chronic 
neurodegenerative disorders 49 ' 50 . Moreover, antioxidants arc protective in 
this setting 152 ' 154 , including an apparently PPARy-independent antioxidant 
effect of the PPARy activator-ligand troglitazone 155 156 . 

In the foregoing examples, oxidative stress is depicted as the 
consequence of an increased “leakage” of electrons from an overloaded 
electron transport chain. The overload reflects a discrepancy between the 
rate at which electrons are supplied, primarily by the citric acid cycle, and 
the rate at which they are consumed in the cytochrome oxidase-mediated 
2-electron reduction of oxygen. The discrepancy may be caused by 
either or both of two general perturbations, i.e., excessive electron input 
(e.g., derived from excessive glutamate fueling of the citric acid cycle as 
2-oxo-glutarate), or impaired electron removal through the normal 2- 
electron reduction of oxygen (e.g., as the consequence of hypoxia, ADP 
depletion, or other factors which inhibit the electron transport chain or 
oxidative phosphorylation). 
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Importantly, overload of the electron transport chain could 
theoretically be caused as well by excessive utilization of any substrate, 
entry of which into the citric acid cycle is not subject to control of the 
kind that is exerted upon pyruvate utilization (and thus upon glucose or 
lactate utilization) by PDH. In addition to glutamate and its congeners, 
ketone bodies are potentially such substrates. As discussed above, 
mitochondrial oxidation of ketone bodies, and thus their provision of 
electrons to the electron transport chain, are relatively unregulated. 
Although ketone bodies may be derived from plasma, it is likely that 
astrocyte ketogenesis, fueled by plasma-derived FFA, is more directly 
relevant to neuronal oxidative stress, and could reflect sustained increases 
in plasma FFA, e.g., in obesity, insulin resistance, diabetes mellitus, or 
HIV infection (see Chapter 13.4.2.: HIV Dementia). Consistent with such 
a mechanism, increased expression of 2 FABP isoforms in hippocampal 
glial cells following systemic kainate administration 157 imply activation of 
a cellular response to increased fatty acid exposure. Moreover, sustained 
exposure to excessive amounts of ketone bodies would be expected to act 
in concert with excess glutamate in contributing to chronic oxidative 
stress and the evolution of chronic neurodegenerative disease. 

Furthermore, as FFA inhibit Na + -dependent glutamate transport by both 
synaptosomes and astrocytes 158 ' 159 , impaired removal of glutamate from 
the synaptic cleft under these conditions may disproportionately affect 
the postsynaptic neuron. In addition to these factors, and as discussed 
above (see Chapter 13.4.: Fatty Acids, Antioxidant Defense, HIV 
Dementia, and Cell Proliferation), sustained increases in plasma [FFA] 
may generate oxidative stress in astrocytes, impairing glutamate uptake 
from the synaptic cleft 142 " 144 and predisposing to excitotoxicity. Finally, in 
view of the above-noted cannabinoid CB) receptor-mediated stimulation 
of astrocyte ketogenesis and oxidative stress 160 ' 162 (also, see Chapter 13.4.: 
Fatty Acids, Antioxidant Defense, HIV Dementia, and Cell Proliferation), 
it is of potentially major significance that astrocytes also produce 
anandamide and related endocannabinoids 163 , and that blockade of the 
CB, receptor is protective against NMDA-induced excitotoxicity 164 . In 
contrast, activation of the same receptor by the xenobiotic cannabinoid 
tetrahydrocannabinol acts via PI3K/Akt/PKB and possibly ERK signaling 
to protect astrocytes from ceramide-induced apoptosis 165 . It seems likely 
that the diverse cellular responses elicited by various cannabinoids 162 may 
be to some extent cell-specific. However, they also may reflect differences 
in biotransformation dictated by the fatty acid amide hydrolase and 
hydrolyzable fatty acid amide moiety that are important in the regulation 
of endocannabinoid signaling 166 ; the potential for oxidation of the fatty 
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acid moiety 167 168 that is present in endocannabinoids but not in 
tetrahydrocannabinol may also be significant in this regard. 
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Chapter 15 

Pathogenesis of Alzheimer Disease: Metabolic 
Factors 



15.1. INTRODUCTION 

Alzheimer disease is an increasingly common and incompletely 
understood cause of dementia, especially prevalent in the aging 
population. In an ongoing, widespread, intensive, and diverse research 
effort to better understand this disorder, the possible involvement of 
numerous genetic, metabolic, and environmental factors is being 
investigated, and impressive progress continues. Nevertheless, crucial 
questions remain unanswered, and conclusively established mechanisms 
of disease pathogenesis, prevention, and treatment are still lacking. In 
light of these unresolved issues, the present treatise, and its emphasis on 
interactions between intermediary metabolism and cell signaling, properly 
includes a consideration of Alzheimer disease. This conviction is justified 
by substantial evidence supportive of the hypothesis developed here: 1) 
that Alzheimer disease from the outset reflects a profound distortion of 
neuronal substrate utilization, metabolism, and mitochondrial function; 2) 
that abnormalities in fatty acid and ketone body metabolism are 
fundamental to the process; and 3) that these elements are critical 
determinants of the dementia. The hypothesis further proposes that this 
cascade of abnormal neuronal metabolism and energetics provides a 
mi lieu in which interaction between genetic and acquired factors 
intensifies the process, thereby augmenting the generation of ROS and 
oxidative stress, and driving the evolution of cognitive impairment and 
neuronal death. The essential elements of the hypothesis, and the 
evidence upon which they are based, are developed in the following 
pages. 
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A detailed discussion of Alzheimer disease would exceed the scope 
and intent of the present analysis. It is clear, however, that despite 
substantial contributions provided by numerous investigators toward its 
characterization and elucidation 1 ' 4 , confusion and uncertainty continue to 
cloud this important disorder. The picture that emerges is that of an 
apparently common form of dementia the incidence of which increases 
with age, yet which is not readily distinguished on clinical grounds from 
other causes of more or less similar changes in cognitive function. Even 
the histopathological and biochemical hallmarks that have been 
associated with dementia of the Alzheimer type, individually or 
collectively, are not necessary, sufficient, or specific for the diagnosis of 
Alzheimer disease. Thus, the characteristic extracellular (3 amyloid- 
containing neuritic plaques and intracellular neurofibrillary tangles may 
be found in non-demented individuals 5 or in association with other 
conditions 6 . Prediction of Alzheimer disease among individuals who 
already exhibit mild cognitive impairment may be facilitated by 
demonstration of elevated cerebrospinal fluid levels of X and decreased 
levels of P amyloid 7 ' 8 . However, these hallmarks do not necessarily 
correlate with severity or progression of the dementing process in those 
individuals with what appeal's clinically to be definite or probable 
Alzheimer disease. Finally, despite demonstrable early changes in 
mitochondria and mitochondrial DNA 9 , “typical” histopathological 
findings may be absent altogether in some individuals with Alzheimer 
type dementia, in whom findings instead may be consistent with normal, 
or may include features such as Lewy bodies that are more characteristic 
of other conditions. 

In the present analysis, focus will be directed at genetic and acquired 
elements that interact with, and potentially perturb, neuronal substrate 
utilization, mitochondrial energetics, oxidative stress, and antioxidant 
defense. Evidence will be presented that documents a strong yet 
unexpected linkage between neuronal regulation of these phenomena and 
similar signaling and regulatory mechanisms in other cell types, largely 
wg/Wnt-like PI3K/Akt/PKB-mediated. These processes in non-neuronal 
cells share with neuronal activation, and synaptic function and plasticity, a 
requirement for unpredictable yet immediate and rapid, largely 
carbohydrate-fueled increases in mitochondrial energetics and ATP 
generation, and suppression of potentially ROS-generating fatty acid 
oxidation. Disruption of this metabolic profile can be linked to 
Alzheimer disease through a “vicious cycle” of pathogenesis that 
encompasses and integrates genetic, metabolic, environmental, and 
nutritional determinants. 
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15.2. GENETIC DETERMINANTS 
15.2.1. Apolipoprotein E Isoforms 

As noted above in connection with most of the recognized 
accompaniments of Alzheimer disease, a lack of specificity also 
characterizes the genetic determinant apolipoprotein E (ApoE), the E4 
isoform of which is associated with Alzheimer disease 1 " 3 ' 10 ' 11 . ApoE, in 
addition to its recognized relationship to plasma lipoprotein metabolism, 
exerts important effects on intracellular lipid metabolism 12 , is synthesized 
and secreted by astrocytes 13 , and is abundant in cytoplasm of normal and 
Alzheimer disease astrocytes and to a lesser extent neurons 14 . E4 differs 
from E3 and E2 isoforms in that an arginine is substituted for cysteine at 
position 112, resulting in its inability to form disulfide complexes and 
modifying its interaction with lipoprotein particles so as to favor 
association with triacylglycerol-rich VLDL and intermediate density 
lipoproteins. The E3 isoform enhances neurite outgrowth whereas E4 is 
inhibitory or neutral 115 , suggesting that E4 may participate in neuronal 
repair and remodeling after injury less effectively than E3 1 ' 10 . Absence of 
the cysteine sulfhydryl group may contribute to a relatively impaired 
antioxidant neuroprotective effect of E4 16 , possibly reflecting in part a 
lipidation-dependent lower affinity of (3 amyloid for E4 than for E3 17 , an 
interaction which is also subject to modulation by allelic variation 18 . 
Recently an apoE-mediated provision of astrocyte-derived cholesterol for 
synaptogenesis has been identified 19 ; this process is altered in Alzheimer 
brain by increased astrocyte expression of a cholesterol degrading 
enzyme 20 , and conceivably could be further distorted by E4. E4 also 
disrupts acetylcholine-mediated muscarinic signaling 21 . E4 induction of 
neuronal apoptosis involves its interaction with low-density lipoprotein 
receptor-related protein (LRP) 22 ; LRP in turn appears to play a role in (3 
amyloid clearance ’ , which may be influenced by E4-LRP interaction . 

E4 contributes to an earlier onset of Alzheimer disease 226 , and appears 
to accelerate its course in both symptomatic 27 and cognitively normal 
subjects 28,29 . These effects are age-dependent 30 , and are greater in E4 
homozygotes than in heterozygotes. In asymptomatic individuals the E4 
isoform may impair aspects of visual attention 31 ; it also is associated with 
relative impairment of 2-oxo-glutarate (a-ketoglutarate) dehydrogenase, 
a key component of the citric acid cycle 32 (see this Chapter 15.4.: 
Cerebral Metabolism and Insulin Signaling). E4 homozygotes exhibit 
increased formation of neuritic plaques, in which |3 amyloid abundance is 
also increased, but this phenomenon appears to be independent of the 
course of the disease 2 ' 33 . In Alzheimer disease, E4 is associated with, and 
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may in part reflect, diminished expression and abundance of 
hippocampal insulin-degrading enzyme 34 . E4 predisposes to cognitive 
decline that occurs in subjects with HIV infection 35 (also, see Chapter 

13.4.2. : HIV Dementia), after cardiopulmonary bypass 36 , and among 
professional boxers 37 , and is associated with an unfavorable outcome after 
acute head injury 38 . These associations may reflect E4 isoform-specific 
increases in (3 amyloid deposition and adverse intracellular effects 39 ' 40 . 

Although most patients with confirmed Alzheimer disease carry at 
least one E4 allele, it is not sufficiently sensitive or specific to serve as the 
sole diagnostic test 41 . Together with PET-demonstrated cerebral 
metabolic impairment, however, it may permit preclinical detection 42 ' 44 . 
Moreover, its prognostic significance is greatly influenced by gender, 
ethnicity, and apolipoprotein (a) 45 , and many or most individuals who 
carry it do not develop the disease 46 47 . 

15.2.2. Presenilin and Amyloid Precursor Protein Mutations 

Germline mutations in presenilin- 1 (PS1) and PS2 genes are present 
in most of the relatively small number of cases of early-onset familial 
Alzheimer disease 4 ' 1148 ' 51 . However, the function of wild type presenilins is 
not limited to neuronal cells. Thus, while wild type PS1 modulates 
neurofilament-associated neurite outgrowth 52 , it is also regularly 
demonstrable in the inflammatory lesions of both genetically determined 
and sporadic inclusion- body myositis, along with ApoE and other 
Alzheimer-associated moieties including (3 secretases, |3 amyloid, and the 
paired helical filaments of phosphorylated x that comprise neurofibrillary 
tangles 53 ' 55 . Recent findings have linked PS1 to the y-secretase- mediated 
formation of (3 amyloid through cleavage of APP 11 , in an example of the 
more general process of regulated intramembrane proteolysis 56 . PS1 also 
participates in the regulation of (3 catenin 57 ' 58 (also, see this Chapter 
15.4.2.1.: WinglessAVnt-like Signaling), and thus the control of cell 
metabolism, cell adherens junctions, gene transcription, and cell 
proliferation 58 ' 59 . (3 Amyloid abundance has been linked to a locus on 
chromosome 10q 60 " 62 . Significantly, age-related P amyloid deposition in a 
murine transgenic model overexpressing mutant PS1 and amyloid 
precursor protein (APP) Swedish mutant is associated with only limited 
neuronal loss 63 , suggesting that increased P amyloid deposition may not 
be sufficient basis, per se, for the widespread and severe neuronal injury 
that characterizes Alzheimer disease. 

Thus, neither the recognized genetic markers nor the 
histopathological features associated with Alzheimer disease appear to be 
specific or sufficient causes of the condition by themselves, despite their 
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prognostic significance and apparent relationship to pathogenesis, 
thereby suggesting a critical role for one or more other factors. These 
inconsistencies and lack of specificity futher suggest that the dementing 
process designated as Alzheimer disease may represent the end result of 
any of several underlying primary conditions and pathogenetic 
sequences, and/or that it is the consequence of a single, final common 
pathogenetic pathway that is activated by one or more primary causes. 
Consistent with this view and as will be developed, available evidence 
strongly suggests that altered neuronal energy metabolism and chronic 
oxidative stress play important roles in pathogenesis by contributing to 
the development of a “vicious cycle” of cell injury which influences, and 
is influenced by, effects of the recognized major genetic and non-genetic 
predisposing factors. 

Unfortunately, and despite the apparently critical pathogenetic role of 
oxidative stress in aging 64 , Alzheimer disease, and other chronic 
neurodegenerative disorders (e.g., Huntington and Parkinson diseases, 
and amyotrophic lateral sclerosis), the origins of this oxidative stress have 
not been identified 65 ' 66 . In all of these conditions, moreover, clinical 
manifestations appear only after many years, implying that they represent 
the cumulative effects of underlying, sustained, and at least initially subtle 
abnormalities. In Alzheimer disease in particular, an understanding of its 
origins is impeded by its predominant occurrence in the aging 
population, in which cerebral metabolic rate for glucose decreases despite 
relatively stable cerebral oxygen consumption. Although differing in 
their regional distribution 67 , these characteristics of age-related change in 
cerebral metabolism are strikingly similar to those which may result from 
ketone body utilization, and which also occur in Alzheimer disease. 
Clues to their origins, and to those of oxidative stress and altered glucose 
utilization, may be provided by accumulating evidence that type II (non- 
insulin-dependent) diabetes mellitus contributes to dementia in the aging 
population. 



15.3. ASSOCIATION OF ALZHEIMER DISEASE WITH 
TYPE II DIABETES MELLITUS 

Type II diabetes mellitus is associated with an increased incidence of 
impaired cognitive function 68 , disturbances in cerebral metabolism, and 
dementia 6970 , but evidence concerning a possible relationship between 
diabetes mellitus and Alzheimer disease has been conflicting. Thus, 
several studies have suggested that there is no association between them, 
that there is no increase in Alzheimer-type pathology in diabetes 
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mellitus 71 ,or even that diabetes mellitus is protective. However, several 
methodological problems complicating the interpretation of studies in 
this area are recognized 71 ' 72 . For example, some studies are largely clinic- 
based, in which the number of individuals enrolled may be small and 
subject to selection bias. Furthermore, there is potential uncertainty in the 
documentation of diabetes mellitus, or in the classification of dementia, 
especially in those individuals in whom the diagnosis of Alzheimer 
disease may be systematically excluded in the presence of diabetes 
mellitus because symptoms are attributed to vascular dementia 73 . 
However, si mi lar processes related to diabetes mellitus and/or aging may 
occur elsewhere in the central nervous system. Thus, retinal 
neurodegeneration unrelated to vascular disease may occur as a relatively 
early consequence of human and experimental diabetes mellitus 74 , the 
evolution of age-related macular degeneration is associated with (3 
amyloid deposition 75 , and plasma FFA are associated with injury to 
microvascular endothelial cells and retinal pericytes 76 . Moreover, the 
recently demonstrated association of silent brain infarcts with cognitive 
decline 77 could reflect a common underlying pathogenesis rather than, or 
in addition to, a causal connection. 

It is therefore highly significant that four large population-based or 
multicenter studies, conducted in the Netherlands, in Zutphen 78 and 
Rotterdam 79 , in Kuopio, Finland 80 , and at several centers in the United 
States 81 " 83 , demonstrate that type 11 diabetes mellitus represents a 
significant independent risk factor for accelerated cognitive decline and 
development of Alzheimer disease. In the Kuopio study 80 , the factors 
examined included elevated fasting insulin concentrations (indicating 
insulin resistance); in this group, an increased risk for Alzheimer disease 
was demonstrable only in those individuals who did not carry 
apolipoprotein E4. In the U.S. multicenter study 82 83 , women with type II 
diabetes mellitus had lower cognitive function scores on entry and 
accelerated cognitive decline over a several year follow up period. In the 
Zutphen study 78 , individuals with diabetes mellitus were significantly 
predisposed to dementia (not specifically designated as Alzheimer type), 
as were those non-diabetic subjects with high plasma insulin values and 
impaired glucose tolerance (i.e., insulin-resistant) 78 , and those in whom 
apolipoprotein E4 was expressed 84 . 

In addition to these population-based studies, three clinic-based 
studies also have demonstrated a significant association of Alzheimer 
disease with indicators of insulin resistance, i.e., increased fasting plasma 
insulin and glucose and/or elevated body mass index 85 , and with elevated 
fasting plasma insulin 86 , and overt diabetes mellitus 87 . Conflicting 
findings concerning cerebrospinal fluid insulin levels 86 ' 88 may in part 
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reflect differences in experimental design. Of note, the Rotterdam 
population-based study also identified both high total and saturated fat 
intake 89 and smoking 90 as risk factors for Alzheimer disease, while light- 
to-moderate ethanol intake was protective against dementia 91 " 93 . 
Hypercholesterolemia has also been implicated as a risk factor on both 
epidemiological and experimental grounds 94 . What might account for 
these apparent linkages between Alzheimer disease and the systemic 
metabolic milieu? 



15.4. CEREBRAL METABOLISM AND INSULIN 
SIGNALING 

To understand the possible basis for the association between 
Alzheimer disease and diabetes mellitus, it is necessary to re-examine the 
interactions among cell metabolism, cell signaling, and substrate-related 
differences in neuronal energy generation discussed in the earlier 
chapters of Part III. Important in this analysis is evidence that regulation 
of cerebral glucose metabolism by insulin is both direct and indirect 95 . 
Thus, increased cerebral utilization of ketone bodies has been 

demonstrated in untreated non-dementia subjects with msxxYm-dependent 
(type I) diabetes mellitus, associated with a relative shift of glucose 
metabolism to nonoxidative pathways as reflected in lactate release 96 . 
This effect of insulin lack implies that aerobic glycolysis in brain depends 
at least partially on insulin signaling. In companion studies overall 
glucose utilization was decreased or unchanged depending on the 
methodology employed 96 ' 97 . Subsequent demonstration of unimpaired 
cerebral glucose utilization in type I diabetes mellitus during a 
hyperinsulinemic, slightly hypoglycemic clamp study 98 would also be 
consistent with beneficial secondary effects on glucose u t ilization of 
insulin-induced suppression of plasma FFA and ketogenesis under 
experimental conditions. 

As noted above 99 , insulin does not appear to regulate brain glucose 
uptake (see Chapter 12. 2.: Glucose). However, widely distributed 
expression of the insulin receptor in brain 100 ' 101 , and its regulation in 
response to training 102 , are indicative of an important insulin-signaling 
effect, presumably on other aspects of glucose metabolism 96 , as well as on 
carotid artery flow 103 . Moreover, streptozotocin-induced diabetes mellitus 
in rats is associated with oxidative stress and GLUT 3 adduct formation in 
hippocampal neurons 104 , with learning impairment 70 ' 105 , and with 
diminished hippocampal blood flow, the latter ameliorated by the 
angiotensin converting enzyme inhibitor enalapril 105 In addition, in view 
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of the fact that glucose uptake is flow-dependent whereas that of FFA and 
ketone bodies is flow-independent (see Chapter 12: Utilization of 
Oxidizable Substrates in Brain), it is likely that conditions of reduced 
blood flow would result in a decrease in glucose uptake and utilization 
relative to, and more profound than, that of FFA and ketone bodies, thus 
further contributing to impaired learning. Conceivably, such diabetes 
mellitus-related changes might reflect direct cerebral effects of 
hyperglycemia 10 , or insulin lack. It seems more likely, however, that 

other consequences of insulin deficiency would contribute more 
importantly, especially the predictable increases in plasma concentrations 
of FFA and ketone bodies. As discussed, these latter factors are also 
subject to regulation by insulin, and may be important modulators of 
brain function, acutely and chronically. At least in part this modulation 
would reflect increased neuronal exposure to, and metabolism of, ketone 
bodies that are produced in excess in astrocyte and/or hepatocyte. 

15.4.1. Glycolysis and the Citric Acid Cycle in Alzheimer 
Disease 

Important abnormalities in cerebral glucose metabolism that are 
similar to or consistent with diabetes mellitus-like changes have been 
demonstrated in Alzheimer patients. These include the decreased glucose 
utilization 107 and oxidative phosphorylation in affected regions of brain 
that are recognized manifestations of early Alzheimer disease. Although 
neuroanatomical disconnection from other centers could contribute in 
part to these changes 108 , a basis for such disruption would be required in 
any case. Alzheimer disease-related metabolic changes precede the 
appearance of neuropsychological abnormalities and are potentially 
reversible 109113 . Importantly, although atrophy of involved brain regions 
could contribute to metabolic changes 114 , assay of cerebral metabolic 
intermediates 115 and correction for partial volume effect 1 16 suggest that the 
observed abnormalities are not attributable to cerebral atrophy alone. 
Thus, while the functional changes are most pronounced in those areas in 
which pathological change is greatest 71 , they may involve relatively spared 
areas and neurons 117 . Moreover, activities of several enzymes involved in 
oxidative metabolism of glucose are decreased in Alzheimer brain tissue, 
including phosphofructokinase, pyruvate dehydrogenase (PDF!), and 
neuronal 2-oxo-glutarate dehydrogenase (2-OGDF1). The latter, a key 
citric acid cycle enzyme is thus critical in energy generation ' ’ " but is 
susceptible to inhibition by ROS 123 . In addition, in Alzheimer 
hippocampus and entorhinal cortex there is loss of mRNA for a subunit 
of cytochrome oxidase (complex IV of the election transport chain); a 
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similar change can occur reversibly in other settings in response to 
decreased neuronal activation, and thus it is consistent with the 
demonstrated decrease in neuronal activation in Alzheimer disease 117 . It 
has been suggested that increased insulin receptor abundance, reported in 
postmortem Alzheimer brain, may represent a compensatory response to 
impaired insulin signal transduction 124 . 

As discussed earlier (see Chapter 12: Utilization of Oxidizable 
Substrates in Brain), utilization of glucose via aerobic pathways, i.e., 
glycolysis and citric acid cycle-fueled oxidative phosphorylation, is 
maximally efficient for energy generation and minimizes generation of 
intramitochondrial ROS from the electron transport chain. In contrast, 
excessive oxidation of ketone bodies in neuronal mitochondria would 
contribute importantly to the pathogenesis of the major metabolic 
changes in Alzheimer disease, via several mechanisms. First, PDH 
activity would be suppressed (see Chapter 12.3.: Ketone Bodies, and Fig. 
15.1 and Fig. 15.2), thereby inhibiting glycolysis and the tightly 




Figure 15.1. Fatty acid and ketone body oxidation in mitochondria suppresses 
glycolysis. Mitochondrial (5-oxidation of fatty acids (astrocytes) and ketone bodies 
(neurons) generates three moieties which activate kinase-mediated feedback inhibition of 
PDH, i.e., acetyl CoA, ATP, and NADH. This effect, together with an accompanying 
suppression of glycolysis, decreases mitochondrial oxidation of pyruvate, and overall 
utilization of glucose. In peripheral tissues, especially muscle, this effect of 
mitochondrial fatty acid oxidation contributes to the "Randle cycle” inhibitory effect on 
glucose utilization and insulin resistance. Dashed lines: inhibition of PDH by acetyl 
CoA/CoA, ATP/ADP, and NADH/NAD. Abbreviations — ATP: adenosine triphosphate; 
CPT-I: carnitine palmitoyltransferase-I; NADPH: nucleotide adenine triphosphate, reduced 
form; PDH: pyruvate dehydrogenase. 
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Figure 15.2. Plasma FFA-driven astrocyte ketogenesis: hypothesized neuronal oxidative 
stress and impaired glycolysis. Astrocyte fatty acid uptake, mitochondrial P-oxidation 
and generation of ketone bodies and ROS, are driven by the plasma concentration of FFA 
([FFA]) and the [FFA]/[albumin] molar ratio; high [FFA] may override the CPT-I carnitine 
palmitoyltransferase-I control point. Ketone bodies and diffusible ROS (e.g., are 

exported from the astrocyte. Ketone bodies derived from astrocyte and/or plasma are 
utilized in preference to glucose by nearby neurons, in which their largely unregulated 
entry into mitochondria induces feedback inhibition of both PDH and glucose utilization 
(see Fig. 15.1), while their uncoupling-like effect may compromise mitochondrial 
energetics. Ketone bodies may also generate neuronal ROS, as the result of their 
relatively uncontrolled fueling of the citric acid cycle and electron transport chain. Thus, 
in addition to the inefficiencies of ketone body utilization as fuel, the neuron may be 
subjected to oxidative stress, reflecting ROS generated in both astrocyte and neuron. 
Dashed lines: inhibition of PDH by increased ratios of acetyl CoA/CoA, ATP/ADP, and 
NADH/NAD. Abbreviations — CPT-I: carnitine palmitoyltransferase-I; FFA: free fatty 
acid; PDH: pyruvate dehydrogenase; ROS: reactive oxygen species. 

controlled fueling of the citric acid cycle by pyruvate-derived acetyl 
CoA. Second, as demonstrated in studies of perfused heart, provision of 
ketone bodies as sole nutrient may inhibit the citric acid cycle at the 2- 
OGDH reaction 123 ' 125 ' 126 ; 2-OGDH is also inhibited by oxidative stress in 
nerve terminals 127 . Importantly, mitochondrial 2-oxo-acid dehydrogenase 
complexes may be inhibited by ROS generated in the redox reactions 
they themselves catalyze 128 . The somewhat inconsistent depression of 
cerebral 2-OGDH activity in Alzheimer brain as determined in vitro 129 , 
and its lack of correlation with enzyme protein 130 , would also be 
compatible with such a mechanism. Thus, ketone body inhibition of 2- 
OGDH in the perfused heart (and presumably brain) is reversible 125 , as a 
result of which enzyme activity assayed in vitro would be influenced by 
experimental conditions. Similar considerations may explain the failure 
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of in vitro assays of biopsied Alzheimer brain tissue to demonstrate 
consistent abnormalities in glucose metabolism and mitochondrial 
function 131 . Finally, excessive ketone body-generated reducing 
equivalents could increase electron flux and density in the electron 
transport chain, thus predisposing to generation of superoxide anion and 
derivative ROS, and oxidative stress. In addition to the more direct effects 
of ROS and oxidative stress, increased generation of superoxide would 
favor formation of peroxynitrite, creating a milieu in which NO has been 
shown to be injurious to the cell. Under other circumstances, in contrast, 
NO may be either non-injurious or even beneficial 132 135 , possibly 
reflecting in part a neuroprotective effect of peroxynitrite that is mediated 
by pentose phosphate pathway-generated NADPH 136 . 

The foregoing considerations suggest that the pathogenesis of 
depressed glucose utilization, impaired energy generation, and sustained 
oxidative stress that characterize Alzheimer disease can be understood, 
perhaps primarily, as the consequence of a shift in neuronal substrate 
utilization; this shift is characterized by an increase in mitochondrial 
oxidation of ketone bodies relative to glucose, oxidation of which is 
thereby suppressed. Furthermore, as shown in primary hepatocytes, 
transforming growth factor-p- (TGFP)-induced increases in 
mitochondrial fatty acid oxidation and ketogenesis 137 , would also 
contribute to TGFP -associated inhibition of glycolysis 138 , and support the 
increase in gluconeogenesis implied by TGF(3-induced expression of 
phosphoenolpyruvate carboxykinase in these cells 139 . TGFP also induces 
oxidative stress 140 " 142 . Similar effects in the astrocyte could in part account 
for the Alzheimer-like neuronal pathology associated with chronic 
overproduction of TGFp 143 . A possible basis for the neuroprotective 
effect of TGFP under certain conditions 144 is discussed below (see this 
Chapter 15.4.2.2.: Neuroprotection and Cell Cycle-Linked Neuronal 
Death). Recent evidence suggests that the energetically divergent effects 
of specific wgAVnt-like signaling agonists and TGFP (see Chapter 3.3.2.: 
Wingless/Wnt-Like Signaling: Convergence of Antecedents and the 
Unpredictable, and Chapter 6.3.: Transforming Growth Factor-P) may 
interact in regulating synaptogenesis 145 . 

By this line of reasoning, therefore, the decreased cerebral utilization 
of glucose that occurs in Alzheimer disease, as in diabetes mellitus, may 
represent the equivalent of a resistance to and attenuation of insulin-like 
metabolic effects, induced in this setting by the preferential neuronal 
utilization of alternative substrates, especially ketone bodies. The normal 
effects of insulin so compromised include promotion of oxidative 
metabolism of glucose, in which relative increases in the activity of both 
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glycolysis and the citric acid cycle would otherwise augment oxidative 
phosphorylation and the generation of ATP. 

These considerations are consistent with abundant evidence that 
diminished glucose utilization in Alzheimer disease occurs in what at least 
initially are viable albeit functionally compromised areas of the brain 109 " 113 , 
implying that the surviving neurons are utilizing alternative fuel(s), 
among which locally or systemically generated ketone bodies would be 
especially important. This interpretation is consistent with evidence that 
in areas affected by Alzheimer disease, oxygen consumption is relatively 
stable despite decreased glucose utilization 12 *' 146 147 . This relationship also 
characterizes the metabolic activity of normal brain in aging 67 and during 
acute exogenous hyperketonemia 148 . Importantly, all three circumstances 
appear to represent the reverse of normal neuronal activation, in which 
oxygen consumption is relatively stable despite increased glucose 
utilization (see Chapter 14.2.: Activation-Related Glucose and Oxygen 
Consumption). In Alzheimer subjects, moreover, activation-induced 
increases in oxidative metabolism are associated with subsequent 
cognitive decline 149 . This relationship would also be consistent with, and 
at least in part explained by, neuronal utilization of alternative substrates 
that are energetically less efficient and potentially oxidative stress- 
inducing; these would include ketone bodies, oxidation of which in 
generating a given amount of ATP obligates greater oxygen consumption 
than does glucose (see Chapter 12.3.: Ketone Bodies). These metabolic 
phenomena are further illuminated by their linkage to other aspects of 
insulin signal transduction and its relationship to intermediary 
metabolism, % phosphorylation, and (3 amyloid. 

15.4.2. Wingless/Wnt-Like Signal Transduction and Effects 
of Lithium 

Recent findings have identified the perhaps surprising involvement in 
neuronal function and disease of the wingless/Wnt-like signal transduction 
pathway through phosphatidyl inositol-3-kinase (PI3K) and Akt/protein 
kinase B (Akt/PKB); in neural progenitor and non-neuronal cells this 
signaling cascade is linked to proliferation (see Chapter 3: Nutrient and 
Energy Metabolism in Cell Proliferation, and Chapter 13.4.3.: Cell 

Proliferation and Tumorigenesis). The key negative regulator of this 
pathway, glycogen synthase kinase-3|3 (GSK3(3), inhibits glycogen 
synthase, an important determinant of cellular storage and availability of 
glucose, and pyruvate dehydrogenase (PDH), the mitochondrial 
regulator of glucose (pyruvate) oxidation. Interaction of this pathway 
with neuronal substrate utilization and intermediary metabolism appears 
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to exert a major influence on the generation of oxidative stress, P 
amyloid, the phosphorylated form of the microtubule-associated protein 
tau (t), and survival. 

15.4.2.1. Wingless/Wnt-Like Signaling 

The demonstration that PS1 binds to both GSK3P andx 150-154 as well as 
P-catenin 155 ' 156 suggests that these interactions may regulate neuronal 
counterparts of the wingless (wg) cascade in Drosophila and the Wnt/APC 
(adenomatous polyposis coli)/E-cadherin system in mammals 157-160 (also, 
see this Chapter 15.2.2.: Presenilin and Amyloid Precursor Protein 
Mutations). This cascade is of critical importance in embryogenesis 161 
and in the pathogenesis of human familial adenomatous polyposis and, if 
untreated, the latter’s virtually invariable culmination in colon cancer (see 
Chapter 3.3.2.: Wingless/Wnt-Like Signaling: Convergence of 

Antecedents and the Unpredictable). In the absence of colonocyte 

wg/Wnt-like signaling, P-catenin is sequestered in a complex that includes 
axin, the APC gene product, and GSK3p. This promotes GSK3P- 
mediated phosphorylation of P-catenin and its subsequent degradation, 
thereby suppressing P-catenin/Tcf/lef-mediated transcriptional activation 
and cell proliferation while promoting the E-cadherin-mediated cell-cell 
adhesion that is associated with normal cell differentiation. Conversely, 
mutations in the APC or P-catenin genes which prevent GSK-3P-mediated 
phosphorylation of P-catenin increase the latter’s abundance in cytosol. 
In colonocytes and other non-neuronal cells, the unopposed wg/Wnt-like 
signaling that such changes represent enhances P-catenin-mediated 
transcriptional regulation and promotion of cell proliferation and 
tumorigenesis. 

wg/Wnt-like signaling is activated directly or indirectly by several 
mitogenic factors. This concept is consistent with virtually ubiquitous 
expression of the mutually inhibitory insulin receptor substrate-1 (IRS-1) 
and GSK3P' 62 164 , and has been demonstrated for insulin 165 and several 
other growth factors, e.g., hepatocyte growth factor 166 , and brain-derived 
neurotrophic factor 167 . Furthermore, survival signaling converges with 
that of neuronal depolarization at PI3K 168 , indicating even greater scope 
for this pathway in neuronal function and survival. Inhibition of GSK3P 
by insulin during glycogen synthesis has long been recognized and is 
characteristic early in human and experimental hepatocarcinogenesis 169 ' 170 . 
More broadly, however, these interactions appear to represent the pivotal 
convergence of four distinct and essential antecedents to mitosis, i.e., 
diminished cell-cell adhesion, enhanced storage and availability of 
energy-generating substrate, activation of transcriptional regulation, and 
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promotion of cell cycle progression, as discussed above (see Chapter 

3.3.2. : Wingless/Wnt-Like Signaling: Convergence of Antecedents and the 
Unpredictable). 

This unexpected neuronal expression of a pathway so intimately 
involved in cell proliferation may be understandable in terms of neuronal 
energy requirements. In neuronal activation as in mitosis, both rate and 
magnitude of ATP generation are critical, and are optimally supported by 
an insulin-like enhancement of glycolytic fueling of the citric acid cycle 
and oxidative phosphorylation. In cortical neurons, the role of PS1 
superficially resembles the scaffolding function of APC or axin in the 
colonocyte 171 ; that is, it participates in formation and regulation of an 
enzyme-substrate complex (i.e., GSK3(3-APC/axin/|3-catenin). In both 
mitosis and neuronal activation, a key element is that wg/Wnt-like (e.g., 
insulin) signaling is required to prevent formation of this complex. This 
critical action is accomplished through the initiation of PI3K/Akt/PKB- 
mediated, S 9 phosphorylation and inactivation of GSK3|3 (in neurons, 
GSK3P may also be designated x protein kinase I). Conversely, 
withdrawal of the trophic factor (e.g., insulin) abrogates PI3K/Akt/PKB 
signaling, resulting in activation ofGSK3(3, through Y 216 phosphorylation, 
and in neuronal degeneration ' . In contrast to non-postmitotic 

epithelial cells, in which the transcriptional regulatory arm of wg/Wnt-like 
signaling through (5-catenin is also governed by the latter’s interaction 
with a scaffold-promoted complex (APC/axin), PS-1 does not regulate 
this mechanism in neuronal cells 154 . This observation suggests that in the 
neuron, wg/Wnt-like signaling may be related primarily to the regulation 
of metabolism, including support of synaptic plasticity and long term 
potentiation (see Chapter 14.5.2.1.: Long Term Potentiation), and the 
phosphorylation of x, as discussed below. This somewhat “truncated” 
neuronal wg/Wnt-like regulatory pathway may also serve to avoid an 
effect that is a normal process in cell proliferation but would be counter- 
productive in the synaptic neuron, i.e., wg/Wnt-like signaling-induced 
disruption of (3-catenin-dependent synapse-associated adherens 
junctions 174 " 176 . 

15.4.2.2. Neuroprotection and Cell Cycle-Linked Neuronal Death 

A key element in neuronal wg/Wnt-like signaling involves its 
relationship to PS1 and t phosphorylation. Thus, neuronal insulin 
signaling via IRS-1 and the PI3K/Akt/PKB cascade inhibits GSK3|3 and 
therefore its phosphorylation of x ’ , and in addtion protects against 
apoptosis 179 . It also favorably influences APP processing and trafficking 
so as to minimize neuronal exposure to p amyloid " ", and mediates the 
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neuroprotective effects of a-secretase-derived sAPPa 183 and of 
metabotrophic glutamate receptors 184 . As a corollary, compromise of the 
neuroprotective wg/Wnt-like signal cascade, e.g., resulting from impaired 
insulin signaling, could contribute significantly to the generation of 
important manifestations of Alzheimer disease. These include impaired 
synaptic AMPAR kinetics and LTP (see Chapter 14.5.2.1.: Long Term 
Potentiation), abnormal GSK3(3-mediated phosphorylation of X and 
formation of neurofibrillary tangles ’ , p amyloid exposure " , and 
programmed cell death 179 . It should be noted that X phosphorylation 
status is not determined solely by PI3K/Akt/PKB. Thus, neuroprotective 
inactivating phosphorylation of GSK3(3 may also be effected by protein 
kinase C6 1 85 . In addition, x phosphorylation may reflect activity of kinases 
other than GSK3p 186 187 , and is also regulated by protein phosphatase 
activity 188 . Accordingly, X phosphorylation status reflects both kinase 
activity (e.g., GSK3P) and phosphatase activity (e.g., protein phosphatase 
2A — PP2A). For example, in the increased x phosphorylation 
associated with fasting (a hypoinsulinemic state), suppressed PP2A rather 
than increased kinase activity appears to be the more important 
determinant 189 . 

Moreover, PI3K/Akt/PKB -mediated inactivation of GSK3P (i.e., 
wg/Wnt-like signaling) would prevent phosphorylation not only of x 177 but 
presumably also of PDH 190 , the pivotal determinant of glycolytic fueling 
of the citric acid cycle and oxidative phosphorylation. Similar 
mechanisms appeal - to account for the Akt/PKB induced protective 
activation of telomerase 191 ' 192 (also, see Chapter 5.3.2.: wg/Wnt-Like 

Signaling: Convergence of Mitochondria, p53, and Telomerase), and the 
potentially neuroprotective effects of nerve growth factor 193 , TNFa 194195 , 
and insulin-like growth factor- 1 196 , as well as certain other small 
molecules 197 . Clinical evidence pertaining to a possible neuroprotective 
effect of estrogens ’ " remains conflicting" " . However, estrogens 
also activate neuronal protein kinase C 2(M and the mitogenic extracellular- 
signal regulated (ERK) pathway of the mitogen-activated protein (MAP) 
kinase cascade, thereby linking neurotrophin-initiated signaling 205 , and 
regulation of synaptic plasticity 206 , with the metabolic and energetic 
effects of wg/Wnt-like signaling, i.e., PI3K/Akt/PKB 195 (also, see Chapter 
14.5.2.1.: Long-Term Potentiation). 

In the absence of wg/Wnt-like signaling, conversely, PS1 forms a 
complex with p-catenin, active GSK3P, and x. GSK3p-mediated 
hyperphosphorylation of X generates neurofibrillary tangles 177-17 8 . GSK3p 
binding, x-directed kinase activity 152 , and P amyloid secretion 49 are 
increased by those PS1 mutations that are associated with early onset 
familial Alzheimer disease 4850 ; a similar mechanism undoubtedly 
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contributes to the GSK3P activation and neuronal death associated with 

i ni~\ I 

trophic factor withdrawal ’ . Although wild-type but not mutant PS1 

was reported to facilitate constitutive P-catenin turnover 207 , the relationship 
of this effect to wg/Wnt-like signaling was not defined. 

Together, these observations in neural and non-neural cells suggest 
that wg/Wnt-like signaling may be viewed as a general mechanism for the 
regulation of cellular energetics. When active, e.g., with insulin or 
hepatocyte growth factor signaling-induced inactivation of GSK3P and 
increased P-catenin abundance, it may be harnessed in support of 
maximal rates of ATP generation, e.g., in mitosis, neuronal activation, or 
other time-critical and energy-critical processes. As discussed above 
(Chapter 3.3.2.: Wingless/Wnt-Like Signaling: Convergence of 

Antecedents and the Unpredictable), operation of the pathway may be 
disturbed in either direction. In a non-neural cell such as the colonocyte, 
mutationally inactivated APC may permit inappropriately sustained 
activation of wgAVnt-like signaling, leading to disruption of cell-cell 
adhesion, increased P-catenin transactivational activity, mitosis, and 
tumorigenesis. In the neuron, conversely, inappropriate suppression of 
wgAVnt-like signaling (e.g., insulin resistance and/or mutant PS1 
expression) may permit inappropriately sustained activation of GSK3/3. 
Decreased PI3K/Akt/PKB and increased GSK3P activity would lead to 
inactivation of PDH and impaired intermediary metabolism, diminished 
post-synaptic neuronal AMPAR insertion/cycling and LTP, 
hyperphosphorylated T, and generation of neurofibrillary tangles. Unlike 
axin, which negatively regulates T phosphorylation, wild type PS1 
positively influences this reaction 208 , while PS1 mutations associated with 
familial Alzheimer disease accentuate the wild type effect 152 . These 
observations are consistent with evidence that, in addition to 
compromising wg/Wnt-like signaling, PS1 mutations associated with 
familial Alzheimer disease predispose to neuronal apoptosis. Thus, they: 
1) augment GSK3P-mediated x phosphorylation 152 , accelerate P-catenin 
turnover 209 ' 210 and/or alter its intracellular trafficking 211 ; 2) augment P 
amyloid secretion 48 " 50 ; 3) interfere with the antiapoptotic (pro-survival) 
effect of Bcl-X L 212,213 ; and 4) predispose to oxidative stress, mitochondrial 
dysfunction, and excitotoxic death of hippocampal neurons 214 . 

These concepts identify a critical difference between wg/Wnt-like 
signaling in the neuron and the differentiating colonocyte. Thus, 
wg/Wnt-like (e.g., insulin) signaling normally is required during neuronal 
activation but is suppressed in the differentiating post-mitotic colonocyte. 
In the latter, E-cadherin-mediated cell-cell adhesion is stabilized, butyrate 
and other antiproliferative short chain fatty acids derived from colonic 
flora are dominant fuels, while glucose utilization and cell proliferation 
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are suppressed (also, see Chapter 6.2.: Butyrate). Significantly, the 
antiproliferative short chain fatty acid butyrate induces X phosphorylation 
in human neuroblastoma cells 215 , presumably reflecting suppressed 
wg/Wnt-like signaling and enhanced GSK3|3 activity. 

Together, the findings imply a functional duality of wg/Wnt-like 
signaling and cell energetics, i.e., in their support of both cell cycle 
progression and neuronal activation. This concept is further suggested 
by recent evidence that, unlike glutamate, the inhibitory neurotransmitter 
GABA not only is poorly utilized in the citric acid cycle 211 ’ but also 
suppresses hepatocyte proliferation and liver regeneration after partial 
hepatectomy' ’ . Moreover, it may be appropriate to regard wild -type 

PS1 as being a growth-promoting factor, superficially equivalent to a 
mediator of wg/Wnt-like signaling. Thus, suppression of PS 1 in leukemia 
cell lines — by p2 i Wafl/c,pl > p 53 , or antisense PS1 cDNA — is associated 
with growth arrest and/or apoptosis 219 . Conversely, wild-type PS1 
expression is increased during neuronal differentiation and in 
neuroblastoma cell lines; in astrocytes, its minimal basal expression is 
increased by proliferative stimuli, and it is actively expressed in glioma 
cell lines 220 . The perhaps unexpected induction of apoptosis by 
overexpression of the highly homologous PS2 under conditions of 
growth factor withdrawal 221 may, perhaps analogous to apoptosis caused 
by 0 amyloid, directly 207 ' 093 or indirectly 224 reflect forced cell cycle 
progression in the absence of an appropriately supportive intracellular 
metabolic milieu " 5 (also, see Chapter 5.3.4.: Apoptosis and the Cell Cycle: 
Chronic Viral Hepatitis and Cancer). 

The concept that neuronal cell cycle progression induced by j3 
amyloid is an important and closely associated accompaniment and 
precipitating factor in neuronal death in Alzheimer disease is increasingly 
well supported " . A direct linkage between the cell cycle and 

neuronal injury is suggested by cell division cycle (cdc) 2 kinase- 
mediated phosphorylation of X 230 . Recent evidence also indicates a 
contributory role of ganglioside GD3 in this interaction"" . While the 
mechanism underlying these associations awaits elucidation, they may 
reflect induction of cell cycle progression by moderate levels of 
ROS 231 (also, see Chapter 3. 3.2.3.: Reactive Oxygen Species), under 
conditions in which this effect is potentially lethal because cellular 
energetic status is inadequate to support the demands of cell cycle 
progression (see Chapter 5.3.4.: Apoptosis and the Cell Cycle: Chronic 
Viral Hepatitis and Cancer). 

In this additional respect, i.e., an apparently critical relationship of the 
cell cycle to activation of programmed cell death, there exist important 
and somewhat unexpected parallels between neurons" ' and non- 
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neuronal cells 225 . In both settings, forced cell cycle progression in the 
absence of requisite cellular metabolic and energetic conditions may 
precipitate apoptosis; inhibition of cell cycle progression under these 
conditions may be protective 225 (also, see Chapter 5.3.4.: Apoptosis and 
the Cell Cycle: Chronic Viral Hepatitis and Cancer). It is plausible that 
such a mechanism accounts for the neuroprotection afforded by 
TGFpi 144 , a cytokine that is antiproliferative in non-neural cells, that 
generates amyloid-like pathology when chronically overexpressed 143 , and 
that increases APP expression in astrocytes 236 . A similar TGFpi effect 
may contribute to complement-mediated neuroprotection 237 . Moreover, 
an antiproliferative effect of certain nonsteroidal antiinflammatory drugs 
(NSAIDs), demonstrated in non-neural cells, may account for their 
neuroprotective effect, although evidence is conflicting" " . NSAIDs 

may also directly suppress (3 amyloid levels independently of their 
inhibition of COX2 244 ’ 246 , as well as through non-stereospecific inhibition 
of y-secretase" ’ . The possible efficacy of these agents in Alzheimer 

disease prevention is currently undergoing multicenter, placebo- 
controlled evaluation 249 . The complex interactions which link energy 
metabolism and cell proliferation to cell death are discussed in greater 
detail elsewhere' ’ (also, see Chapter 5.3.4.: Apoptosis and the Cell 
Cycle: Chronic Viral Hepatitis and Cancer). 

15.4.2.3. Neurochemical Effects of Lithium 

The broader importance of wgAVnt-like signaling is further suggested 
by the diverse effects of lithium ion, the smallest univalent cation except 

25 1 252 253 

for the proton. Through both direct" ’ and indirect" inhibition of 

GSK3|3 and stimulation of PKB/Akt, lithium: 1) mimics aspects of 

insulin/PI3K-stimulated glucose metabolism 254 ; 2) increases cytosolic 
abundance of (3-catenin 252 ; 3) induces Tcf transcriptional activity in 

955 95 f, 959 

fibroblasts ; 4) augments cell proliferation' ’ ; 5) increases cerebral 

grey matter volume 258 ; 6) protects against glutamate-induced 

excitotoxicity ’ ; 7) mimics wg/Wnt-like signaling participation in 
axonal remodelling 260 ; 8) inhibits GSK3(3-mediated phosphorylation of 
1 178-252,261. t h e GSK 3 a isoform, thus suppressing p amyloid 

production in vitro and in vivo 182 ; and 10) protects against the p53- 
independent 262 , Bcl-2/Bax-modulated 263 , cell cycle-associated 222 neuronal 
death induced by (3 amyloid 264 266 . As a corollary, the therapeutic efficacy 
of lithium in bipolar (manic-depressive) disorder implies that the changes 

9A7-9AQ 

in energy metabolism documented in this and related conditions' ' may 
be important in their pathogenesis. Thus, affective depression may 




15. Pathogenesis of Alzheimer Disease: Metabolic Factors 



321 



represent the clinical manifestation of energetic depression in selected 
neuronal populations 270 . 

Recent studies suggest that abnormalities in substrate utilization and 
cell energetics similar to those considered above may also contribute to 
the evolution of other neurodegenerative processes the pathogenesis of 

1 'Yl'i 

which is incompletely understood, such as Parkinson disease " . For 
example, abundance of the prion protein PrP° 274 has been found to be 
increased in Alzheimer brain 275 , and has been linked to neuronal caveolin- 
1 and the src family tyrosine kinase Fyn 276 . It has become clear that 
caveoli — in which are localized several tyrosine kinase receptors, src 
family tyrosine kinases, and related docking proteins — represent an 
important focus of receptor-initiated tyrosine kinase signaling activity in 
both neuronal and non-neuronal cells ’ . Fyn itself has been shown to 
bind to insulin receptor substrate- 1 (IRS-1) during insulin stimulation in 
vitro and in CFIO cells 279 , and to mediate diverse functions including 
mitogenic signaling" , long teim potentiation" , and insulin-stimulated 
phosphorylation of caveolin-1 in 3T3-L1 cells 282 . Fyn also participates in 
the formation of a ternary complex, comprised of neural cell adhesion 
molecule (NCAM), Fyn, and focal adhesion kinase (FAK), that is 
required for NCAM-mediated growth cone formation 283 . A specific 
connection of these particular interactions to neural cell glucose 
utilization and cellular/mitochondrial energetics is strongly supported by 
recent evidence that the synthetic peptide corresponding to residues 1 Oh- 
126 of human PrP induces apoptosis via a primary effect on 
mitochondria 284 ; this action is associated with activation of GSK3 that is 
suppressible by insulin and Li + 285 , i.e., by wgAVnt-like-signaling. This 
relationship among PrP, mitochondria, and signaling by receptor and 
non-receptor tyrosine kinases, e.g., the insulin receptor, strongly suggests 
its pathogenetic importance, both for Alzheimer disease and for those 
conditions more explicitly linked to the prion protein family 274 . 



15.5. METABOLIC DETERMINANTS IN ALZHEIMER 
DISEASE: SYNTHESIS 

15.5.1. Oxidative Stress and (3 Amyloid: A “Vicious Cycle” 
of Multiple Interacting Determinants 

As noted above, increasing evidence indicates that Alzheimer disease 
is associated with early and persisting oxidative stress 286 , altered neuronal 
energy metabolism, and the generation and deposition of p amyloid. 
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While these phenomena are not specific for Alzheimer disease, they are 
among its important characteristics. Of overriding importance, 

moreover, is evidence not only that each appears to contribute to the 
evolving structural and functional deterioration that characterizes 
Alzheimer disease progression, but also that each is able to amplify the 
deleterious effects of the others. Together, they comprise a “vicious 
cycle” of neurodegeneration. In so doing, they also provide a 
mechanistic framework into which interactions among genetic, metabolic, 
and environmental factors can be integrated in a unifying formulation of 
the dementing process. This formulation is described in the following 
paragaphs. 

15.5.1.1. P Amyloid 

Reflecting both direct and indirect effects, (3 amyloid induces 

287 n 288 290 

oxidative stress . Thus, (3 amyloid inhibits cellular uptake of glucose " , 
in addition to perturbing electron transport chain function and 

TQ 1 9Q A 907 

mitochondrial respiration" ' , and synaptic function . Indeed, the 

electron transport chain has been shown to be required for manifestations 
of (3 amyloid-induced cell death 298 . This important observation is 
consistent with evidence that (3 amyloid (25-35)-induced cell injury 
requires its intracellular, not extracellular, location 299 ’ 300 , that (3 amyloid 
oligomers may be the principal mediator of early injury 11 , that (3 
amyloid’s interaction with ApoE4 may promote lysosomal leakage 40 , and 
that (3 amyloid oligomers may exist in a cytosolic location ’ where they 
interact with heat shock (stress) proteins, and may lead to the latter’s 
transcriptional upregulation 303 . Extramitochondrial origin of ROS, 
especially early in the process, may also contribute to (3 amyloid’s 
injurious effects 304 . Furthermore, intracellular accumulation of [3 amyloid 
may be related to, and mediated by, expression of the nicotinic 
acetylcholine receptor 305 , and precedes development of both 
neurofibrillary tangles and extracellular amyloid plaques ’ . 

Failure of Li + to prevent (3 amyloid-induced oxidative stress 266 is 
consistent with a direct interaction between (3 amyloid and mitochondria, 
thereby circumventing the protective effects of Li + -activated wg/Wnt-like 
signaling as discussed above. In addition, however, (3 amyloid peptide 
interaction with partially purified insulin receptor in vitro suggests that it 
may also interfere with insulin receptor (thus, wg/Wnt-like) signaling at a 
site external to the plasma membrane, by inhibiting insulin binding 307 . (3 
Amyloid (25-35) in a concentration-dependent manner may inhibit 
astrocyte removal of glutamate from the synaptic cleft 308 , but has also 
been shown to augment this process 309 . Deletion of the insulin degrading 




15. Pathogenesis of Alzheimer Disease: Metabolic Factors 



323 



enzymes results in increased brain levels of |3 amyloid 310 ' 311 and a type II 
diabetes mellitus-like systemic metabolic profile 310 . Given the association 
of type II diabetes mellitus with Alzheimer disease (see this Chapter 15.3.: 
Association of Alzheimer Disease with Type II Diabetes Mellitus), it is 
likely that diabetes mellitus also contributes to increased (I amyloid in 
brain. Increased E4 abundance in Alzheimer disease may also in part 
reflect diminished expression of hippocampal insulin-degrading 
enzyme 34 . Finally, as noted above, (3 amyloid also activates GSK3(3; in 
turn, active GSK3P phosphorylates and thus inactivates PDH 190 , thereby 
inhibiting aerobic glycolysis and undoubtedly contributing to impaired 
neuronal uptake and utilization of glucose 289 . Conversely, activation of 
wg/Wnt-like PI3K/Akt/PKB signaling, and Li + , inhibit GSK3 and decrease 
P amyloid exposure 182 . It is clear that wg/Wnt-like signaling, e.g., insulin- 
induced, is integrally and inextricably linked to the phenomena that 
augment neuronal function and survival. 

15.5.1.2. Oxidative Stress 

In addition to its direct adverse effects on the poorly antioxidant- 
defended neuron, oxidative stress alters post-translational processing of 
APP, thereby augmenting the production of p amyloid 31 2 3 17 and increases 
P-secretase expression and activity 318 . Oxidative stress also impairs 

Tin ri i 

astrocyte uptake of glutamate " ~ , potentially exposing the post-synaptic 
neuron to excitotoxic glutamate concentrations in the synaptic cleft. As 
discussed in the preceding paragraph, P amyloid in turn induces electron 
transport chain disruption and additional oxidative stress. Thus, the 
interaction between P amyloid and oxidative stress represents a mutually 
reinforcing destructive interplay, providing a foundation upon which 
genetic and environmental determinants of pathogenesis may interact. 

15.5.1.3. Genetic Factors 

The Swedish APP 670/671 mutation increases cerebral P amyloid-42 
generation 322 ; oxidative stress is especially prounced in this variant. The 
E4 isoform of apolipoprotein E predisposes to Alzheimer disease, 
apparently in large paid through its effects on P amyloid. Thus, E4 is also 
associated with diminished clearance of P amyloid 22 " 24 , and E4’s lower 
binding affinity for P amyloid relative to that of E3 17 could amplify the 
deleterious effects of P amyloid, including their interaction in promoting 
lysosomal leakage, as noted 40 . In addition, as compared with E3, E4 
exerts a weaker antioxidant neuroprotective effect 16 . Moreover, E4 
fragments formed during intracellular processing may directly interact 
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with cytoskeletal components, predisposing to formation of 
neurofibrillary tangle-like inclusions 323 . PS mutations associated with 
Alzheimer disease increase GSK3(3 binding to PS and its T-directed kinase 
activity 152 . As a result, they augment GSK3(3-mediated 

i nn itq 

hyperphosphorylation of x, generation of neurofibrillary tangles ’ , and 

P amyloid secretion 48 " 50 . Mutant PS-associated augmentation of GSK3J3 
activity thus abrogates the protective effect of wg/Wnt-like signaling that 
reflects PI3K/Akt/PKB -mediated inactivation of GSK3P (e.g., by insulin), 
that otherwise would prevent phosphorylation of T 177 and PDH 190 , and 
promote cell survival. 

15.5.1.4. Changes in Fatty Acid and Ketone Body Metabolism 

Sustained elevations of plasma [FFA], e.g., in diabetes mellitus, may 
further modulate the P amyloid-oxidative stress cycle, overriding insulin- 
activated wg/Wnt-like signaling ’ (also, see Chapter 7.2.: Adverse 
Effects of Fatty Acids on Mitochondrial Function), promoting astrocytic 
and thus neuronal oxidative stress, increasing P amyloid generation, and 
increasing GSK3P activity and x phosphorylation. Adding to similar 
effects of P amyloid and oxidative stress, FFA also inhibit astrocyte 
uptake of glutamate 329 , further contributing to the potential for 
excitotoxic-like neuronal injury. Increased neuronal utilization of ketone 
bodies (e.g., resulting from FFA-induced increases in astrocyte fatty acid 
oxidation-driven ketogenesis) would impair citric acid cycle activity 126 , as 
well as compromise energetics through their uncoupling-like effect and 
augmentation of mitochondrial matrix reducing potential and ROS 
generation (see Chapter 12.3.: Ketone Bodies, and Chapter 6.2.: 

Butyrate). Increased ketone body utilization also would suppress 
neuronal PDH activity and glycolysis, as demonstrated experimentally 
during increased cerebral utilization of ketone bodies in rats 330 and 
human subjects 148 . 

Consistent with this general formulation, injurious products of fatty 
acid peroxidation indicative of oxidative stress, e.g., 4-hydroxynonenal 
(HNE), are increased in Alzheimer brain, ventricular fluid, and 
plasma ’ Streptozotocin-induced diabetes mellitus in rats is associated 
with learning impairment 70 and with formation of adducts between HNE 
and the neuronal glucose transporter GFUT 3 104 ; HNE also mediates 
oxidative stress in vitro 333 . Finally, as discussed earlier (see this Chapter 
15.4.1.: Glycolysis and the Citric Acid Cycle in Alzheimer Disease), 
TGFP increases hepatocyte mitochondrial fatty acid oxidation 137 and 
oxidative stress 140 " 142 . Similar effects of TGFP signaling in astrocytes 
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would serve to increase gluconeogenesis , inhibit glycolysis , and 
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contribute to the generation of TGF|3-induced Alzheimer-like neuronal 
pathology 143 . This scenario is consistent with recent evidence that 
injection of TGFP into the cistema magna induces EEC changes 
suggestive of altered cerebral energetics 334 , and increases systemic fatty 
acid oxidation 335 . 

15.5.1.5. Neuroprotective Responses and the “Vicious Cycle” 

The importance of oxidative stress in Alzheimer disease is further 
suggessted by evidence that antioxidant neuroprotective responses are 
activated in this disorder. In neurons and especially in astrocytes, ROS- 
induced NFkB activation would help to protect against (3 amyloid- 
induced oxidative stress-linked neuronal death 336 ' 337 through NFkB’s 
transcriptional regulation of redox-related protective mechanisms " . 

Other antioxidant defenses including superoxide dismutase and heat 
shock proteins are also activated. A similar response to oxidative stress 
may contribute to the reported lower incidence of dementia associated 
with limited ethanol ingestion 9 l93 (also, see Chapter 7 .4.2.2.: Paradoxical 
Benefits of Adversity). 

As noted earlier (see this Chapterl5.4.2.2.: Neuroprotection and Cell 
Cycle-Linked Neuronal Death; and Chapter 14.5.2.1.: Long Term 

Potentiation), wg/Wnt-like signaling and PI3K/Akt/PKB -mediated 
inactivation of GSK3|3 would prevent phosphorylation not only of x 177 ; 
but presumably also of a (3 amyloid-induced, GSK3(3-mediated, 
inactivating phosphorylation of PDH 190 . In addition to participating in 
neuroprotective responses, wg/Wnt-like signaling plays a fundamental role 
in the regulated membranous expresssion of AMPAR in synaptic 
plasticity and long term potentiation 344 " 347 , implying that wg/Wnt-like 
signaling is directly involved in normal memory function (see Chapter 
14.5.2.1.: Long Term Potentiation). 

Importantly, the suggested interactions among components of the 
oxidative stress-P amyloid cycle are also consistent with demonstrated or 
proposed cytoprotective actions of diverse agents such as Li + in CHO 
cells 182 , and lipoic acid 348 , salicylate, and 17(3 estradiol in astrocytes 349 (also, 
see Chapter 14.5.2.2.: Excitotoxicity — Origins of Oxidative Stress, and 
this Chapter 15.4.2.2.: Neuroprotection and Cell Cycle-Linked Neuronal 
Death). These agents may afford neuroprotection by decreasing 
intramitochondrial oxidative stress and/or augmenting wg/Wnt-like 
signaling; certain NSAIDs may also act through non- stereospecific 
(implying COX2-independent) inhibition of y-secretase 247 . Moreover, if 
the demonstrated induction of ROS generation in astrocytes by P 
amyloid 49 is valid in vivo, it would constitute a mechanism, in addition to 
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fatty acid oxidation and ketogenesis, for astrocytic production of 
diffusible oxidants as agents of neuronal injury. The oxidative stress-P 
amyloid cycle enunciated here, and other suggested formulations of the 
role of p amyloid in Alzheimer disease 350 , are not mutually exclusive. 

Taken together, the above evidence suggests that although intrinsic 
neuronal antioxidant protective mechanisms are available they are 
inherently weak. As a result, neurons are largely dependent on the 
antioxidant defenses of the astrocyte. As a corollary, under those 
conditions in which potentially injurious oxidants emanate from the 
astrocyte itself, as the byproduct of its own oxidizing metabolic activity 
and oxidative stress (e.g., the hypothesized excessive plasma FFA-driven 
fatty acid oxidation and ketogenesis), the neuron faces double jeopardy. 

15.5.2. Hypothesized Role of Fatty Acid Metabolism in 
Neurodegeneration 

Notwithstanding the abundance of evidence and the foregoing 
considerations, it remains to be determined whether neuronal utilization 
of ketone bodies in fact contributes to the oxidative stress, depressed 
utilization of glucose, and hypothesized “vicious cycle” that characterize 
Alzheimer disease pathogenesis. Plasma concentrations and brain 
utilization of FFA and ketone bodies have not been quantified in most 
reports. Thus, it is of considerable interest that in a study of global 
cerebral utilization of glucose, lactate, pyruvate, ketone bodies, FFA, and 
oxygen 351 , utilization of ketone bodies, fatty acids, and oxygen in 
Alzheimer patients did not differ significantly in absolute terms from 
controls, despite the expected and observed significantly lower rate of 
cerebral glucose metabolism in the Alzheimer group. Flowever, it can be 
calculated from the data presented in this important experiment that in 
Alzheimer brain, utilization of ketone bodies and FFA were similar to 
controls but were increased relative to that of glucose, in terms of both 
substrate mass and maximal ATP-generating potential. Thus, assuming 
that 30 ATP molecules are generated for each molecule of glucose 
completely oxidized, and approximately 106 ATP molecules for each 
palmitic acid (whether direct or via oxidation of palmitate-derived ketone 
bodies), and correcting for measured pyruvate release, and lactate uptake 
(controls) or release (Alzheimers), the contribution of FFA and ketone 
bodies to ATP generation, as a percentage of that of 
glucose/lactate/pyruvate, could theoretically have increased from 49% in 
normals to 70% in the Alzheimer patients (both figures being somewhat 
high because of the relative inefficiency of fatty acid-supported ATP 
generation). Most importantly, as these observations necessarily 
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described global cerebral metabolism, it seems virtually certain that 
changes in utilization of FFA and ketone bodies relative to glucose would 
have been significantly more pronounced in affected brain regions. 

The basis for such abnormalities in substrate utilization may reside 
within the neuron, or may be extraneuronal or extracranial. For example, 
local or systemic factors that augment fatty acid utilization and 
ketogenesis by astrocytes could increase the availability of ketone bodies 
in the interstitial space, shifting neuronal substrate utilization away from 
glucose (Fig. 15.2, and Chapter 12.3.: Ketone Bodies). Indeed, 

participation of systemic abnormalities in the pathogenesis of sporadic 
late onset Alzheimer disease, such as those affecting systemic fatty acid 
and FFA metabolism, would be consistent with, and possibly contribute 
to: 1) similar mitochondrial disturbances in blood platelets and brain in 
Alzheimer patients 295 ; 2) evidence of increased susceptibility to apoptosis 
in periperal blood mononuclear cells from Alzheimer patients 352 ; 3) an 
inverse relationship between cognitive decline and the ratio of 0)-3/u)-6 
fatty acids in erythrocyte membranes (see Chapter 4: Fatty Acids and 
Growth Regulation); and 4) other observations 353 . Similar findings in 
peripheral cells from patients with familial early-onset Alzheimer disease 
may reflect more widespread metabolic and energetic effects of mutant 
gene products or incidental systemic abnormalities 354 . 

Evidence that systemic processes may underlie sporadic late-onset 
Alzheimer disease is also provided by other observations. Thus, apoptotic 
death also occurs in glial cells in Alzheimer disease 355 , despite their 
stronger antioxidant defenses. This vulnerability may reflect the fact that 
human brain astrocytes fail to express PPARa 356 , and therefore may lack 
the protective adaptation to excess fatty acid exposure that PPARa 
mediates 357 . The potentially critical significance of astrocyte ketogenesis 
in neuronal metabolism and energetics is consistent with other evidence 
that supports a role for astrocytes in Alzheimer disease pathogenesis 358 . 
Over time, a neuronal substrate supply that is inappropriately enriched in 
astrocyte-generated ketone bodies and diffusible ROS would foster 
oxidative stress-induced injury to key components of neuronal energetics 
such as the electron transport chain and AW m . This metabolic milieu 
would account for decreases in glucose utilization and impaired cortical 
function that are characteristic in Alzheimer patients, and for the 
progressive and irreversible features of advancing disease. 

Systemic disorders that would foster such a sequence include obesity, 
insulin resistance, diabetes mellitus, and HIV infection. All of these may 
be associated with elevated plasma FFA and accelerated ketogenesis in 
liver (and astrocytes), and with sustained expression of proinflammatory 
cytokines which contribute to the inflammatory nature of the dementing 
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process 359 , potentially compounded by fatty acid released through 
activation of brain phospholipase A2 360 . Of particular significance in this 
context is the fact that adipocyte TNFa expression is increased in obesity, 
may contribute to insulin resistance through its effects on insulin receptor 
signal transduction 361 , and interacts with both neuronal and glial cells in 
brain 362 " 364 . Consistent with these adverse consequences of abnormal lipid 
metabolism is evidence that dietary fat and glucose exert opposing effects 
on learning and memory in rats 365 , that ketogenic weight-reducing 366 and 
seizure-suppressing 367 diets have adverse cognitive effects, that long-term 
potentiation is impaired in genetic models of obesity ' , and that brain 

dysfunction in aging rats and mice is associated with mitochondrial ROS 
generation 64 ' 370 . Moreover, neuroprotection is afforded in rodents by 
measures which would attenuate this deleterious process, including dietary 
restriction ’ ~ and exercise - . In Alzheimer patients, protection may also 
be afforded by calorie restriction , by dietary antioxidants , by certain 
NSAIDs as discussed above, and by “statin” type hypocholesterolemic 
agents ’ ’ . The latter agents modulate human cerebral cholesterol 

metabolism - , and diminish p amyloid levels in vitro and in vivo ’ . 

Moreover, as discussed elsewhere in connection with the use of statins in 
atherosclerosis (see Chapter 7.4.1.: Atherosclerosis and Arterial 

Hypertension) the beneficial effects of these agents may transcend their 
modulation of serum lipid concentrations. Thus, at least in part, they may 
result from activation of SREBP-2 and the potentially antioxidant effects 
of a resulting acetyl CoA carboxylase/malonyl CoA-induced suppression 
of mitochondrial fatty acid oxidation. Statins also inhibit astrocyte 
secretion of apoE into the extracellular space, reflecting impaired 

prenylation of an as yet unidentified protein 381 . Aging rhesus monkeys 
are susceptible to (3 amyloid-induced neurodegenerative changes, 

including x phosphorylation, prior to plaque formation 382 . 

Finally, the prominent adrenergic effects of smoking-related nicotine 
administration increase adipocyte lipolysis and plasma [FFA] - " , and by 
this mechanism could account at least in part for the suggested but 
epidemiologically still uncertain association between smoking and 
Alzheimer disease ’ " . This issue is complicated by the fact that 

nicotinic agonists (e.g., nicotine) and muscarinic agonists are 

neuroprotective 391 " 393 , activate wg/Wnt-like PI3K/Akt/PKB signaling in 
respiratory epithelial cells 394 , enhance long term potentiation in vitro 395 , 
and acutely improve attention, information processing, and short term 
memory in human subjects 396 . Moreover, nicotine exerts anti-amyloid 
effects in vitro 397 . Thus, these relatively early, direct, and salutary 

neuronal effects of nicotine would appeal - to be inconsistent with 
Alzheimer-like sequelae and the mechanisms proposed here. However, 
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recent studies indicate that (3 amyloid-associated oxidative stress may 
induce loss of brain nicotinic receptors 398 , that accumulation of (3 amyloid 
in Alzheimer disease is correlated with nicotinic acetylcholine receptor 
expression 305 , and that (3 amyloid and nicotine may interact in suppressing 
long-term potentiation 399 . Further, the potential adverse effects of 
nicotine-stimulated adipocyte lipolysis and increases in plasma [FFA], 
sustained over many years, plausibly could override a more transient 
nicotinic receptor- mediated neuroprotection in some individuals. It will 
be important to resolve the relationship between these apparently 
conflicting consequences of chronic nicotine exposure and the 
pathogenesis of Alzheimer disease. 

15.5.3. Integrated Model of Alzheimer Disease Pathogenesis 

The formulation developed in this chapter is based on the concept that 
changes in systemic fatty acid metabolism, and associated increases in 
hepatocellular and especially astrocytic fatty acid oxidation and 
ketogenesis, may contribute importantly to altered neuronal substrate 
utilization and oxidative stress. By themselves, these disturbances in 
Alzheimer disease may be sufficient: 1) to perturb neuronal intermediary 
metabolism and mitochondrial function; 2) to account for adverse 
changes in neuronal redox balance, glucose utilization, synaptic function 
and plasticity, and survival; and 3) to generate amyloid plaques and 
neurofibrillary tangles. In addition, they provide a mechanistic basis for 
the integration of numerous genetic and non-genetic determinants that 
are linked to this disorder. 

In this integrated model, a critical point of convergence may reside at 
the mutually amplifying interaction between oxidative stress and (3 
amyloid generation. Thus, available evidence suggests that in addition to 
its other adverse effects, oxidative stress-induced perturbation of APP 
processing is sufficient to promote (3 amyloid generation, while (3 
amyloid’s effects on mitochondrial function are sufficient to induce 
oxidative stress. This “vicious cycle”, or feed-forward self-amplifying 
loop, may be augmented by genetic factors, such as mutated APP that 
increases (3 amyloid generation, PS1 mutations that compromise 
neuroprotective wg/Wnt-like signaling and induce T phosphorylation, and 
the E4 apolipoprotein isoform that, among its other potential effects, 
compromises redox balance, neuronal repair, and j3 amyloid clearance. 
Importantly, the “vicious cycle” is subject to both activation and 
augmentation by non-genetic factors linked causally to altered fatty acid 
and ketone body metabolism, as may occur in obesity, insulin resistance, 
and type II diabetes mellitus; it is consistent with evidence for a role of 
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insulin resistance in pathogenesis 400 , and may contribute importantly to 
the pathogenesis of sporadic, late-onset Alzheimer disease. Furthermore, 
variability among the components of this interplay could provide an 
explanation for inconsistent associations between various predisposing 
factors and clinically recognizeable disease. Similar mechanisms may 
also contribute to the pathogenesis of other neurodegenerative processes 
and HIV encephalopathy. 

As a corollary, the model may provide a basis for understanding the 
effects of certain agents potentially of preventive or therapeutic value 401 . 
These include dietary antioxidants, lithium, estrogens, NSAIDs, the 
“statin” and fibrate hypolipidemic drugs, ethanol, physical activity (see 
Chapter 7.4.: Consequences of Intramitochondrial Oxidative Stress: 

Atherosclerosis and Beyond), as well as cognitive activity itself 402 . 
Cognitive activity may be beneficial through its amelioration of oxidative 
stress as the result of increases in neuronal activation and cerebral blood 
flow, and therefore in glucose utilization. Verification of the hypothetical 
framework developed in this treatise will require further examination of 
the in vitro and in vivo interaction between astrocyte and neuron as a 
determinant of neuronal substrate utilization, redox balance, energetics, 
and synaptic function. If validated, it may open novel approaches to the 
prevention and treatment of Alzheimer disease and related disorders. 
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Chapter 16 

Part III Conclusions 



In this analysis, aspects of normal and abnormal brain function have 
been examined in the context of neuronal substrate utilization and energy 
metabolism, emphasizing: a) availability of alternative and competing 

substrates and their differing effects on mitochondrial function, ATP 
production, and generation of oxidative stress; b) interaction between 
neurons and astrocytes as a major determinant of neuronal substrate 
utilization and redox balance; and c) systemic factors that influence 
neuronal substrate utilization in health and disease. Based on the 
available evidence, the following concepts emerge: 

1. Complete oxidation of glucose through the glycolytic and citric 
acid cycles is optimal for energizing neuronal activation, reflecting 
several important factors: a) compared with other substrates glucose 
provides the highest yield of ATP per carbon atom and (except for 
glutamine/glutamate-derived 2-oxo-glutarate) per oxygen molecule 
consumed; b) entry of glucose-derived carbon (as acetyl CoA) into the 
citric acid cycle is tightly regulated by pyruvate dehydrogenase, thus 
minimizing electron transport chain overload and generation of oxidative 
stress; c) glucose and its metabolic derivatives at physiological 
concentrations do not uncouple or otherwise compromise the efficiency 
of oxidative phosphorylation; d) wg/Wnt-like signaling activated by 
insulin and other growth factors supports optimal glucose utilization, and 
stimulation of wg/Wnt-like signaling by lithium ion appeal's to account 
for this small univalent cation’s surprisingly diverse effects. In contrast 
to glucose, fatty acids are not utilized by most neurons as energy 
substrate. However, hypothalamic neurons involved in neuroendocrine 
regulation, metabolism, and feeding behavior appeal' to represent an 
important exception; in this vitally important neuronal subpopulation. 
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leptin-induced mitochondrial fatty acid oxidation may be a key 
regulatory determinant. 

2. Astrocytes are highly versatile metabolically, and critically 
important to neuronal substrate supply. Similar to hepatocytes and 
unlike most neurons, their (3-oxidation of fatty acids may generate ROS 
while supporting ketogenesis and/or gluconeogenesis. Astrocytes do not 
export glucose; although they export lactate, neuronal utilization of this 
substrate alone may not be adequate to support normal neuronal 
activation and synaptic function. Ketone bodies, which are generated via 
mitochondrial fatty acid oxidation in hepatocytes or locally in astrocytes, 
are utilized by neurons in preference to glucose under all conditions. 
However, ketone bodies compromise efficiency of neuronal energy 
generation by suppressing glucose utilization, by their largely 
unregulated mitochondrial oxidation with augmentation of matrix 
reducing potential and ROS generation, and by a non-antioxidant 
uncoupling-like effect on mitochondrial energetics. Acting together with 
diffusible oxidants originating in the astrocyte, these phenomena would 
not only subject the neuron to oxidative stress but in addition 
compromise normal neuroprotective astrocytic antioxidant defense 
mechanisms. Glutamine exported by astrocytes is converted in neurons 
to glutamate, for utilization in neurotransmission and/or energy 
metabolism. 

3. Neuronal activation requires a rapid and substantial increase in the 
rate of ATP generation. While it is associated with increased regional 
blood flow and glucose utilization, oxygen consumption remains 
relatively constant. This apparent paradox may reflect an activation- 
induced shift to more efficient utilization of oxygen, implying increased 
use of energetically more efficient substrate, e.g., glucose or glutamine- 
derived 2-oxo-glutarate. Conversely, it is postulated that the resting, non- 
activated, neuron is fueled to a relatively greater extent by the 
energetically less efficient ketone bodies. Inefficiency of ketone bodies 
as fuel, and their suppression of neuronal glucose utilization and glucose- 
fueled citric acid cycle activity, may contribute to control of seizure 
activity by the ketogenic diet. 

4. Increased neuronal utilization of glutamate as an alternative energy 
substrate may contribute to long-term potentiation (LTP) and to the 
pathogenesis of excitotoxicity. In both instances, evidence is consistent 
with fueling of the postsynaptic neuronal citric acid cycle and electron 
transport chain by 2-oxo-glutarate, derived from synaptic cleft glutamate. 
It is hypothesized that in LTP, heightened glutamate exposure and uptake 
is physiological and repetitive; it thus elicits an adaptive response, i.e., 
postsynaptic neuronal expression of the AMPA-activated glutamate 
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receptor. Excitotoxicity, in contrast, reflects acute exposure of the 
postsynaptic neuron to excessive concentrations of glutamate; under these 
conditions, adaptive responses are precluded and neuronal oxidative stress 
and death ensue. 

5. A hypothetical model for the pathogenesis of late-onset Alzheimer 
disease is presented. The model holds that the functional and structural 
changes associated with this disorder reflect relatively subtle but sustained 
generation of neuronal intramitochondrial oxidative stress, which interacts 
with (3 amyloid in a mutually reinforcing “vicious cycle”. Augmented 
oxidative stress is hypothesized to reflect neuronal exposure to ketone 
bodies and ROS, excessive astrocyte generation of which is driven by 
chronic increases in plasma [FFA] as may occur in association with 
obesity, insulin resistance, and type II diabetes mellitus. Sustained 
preferential neuronal ketone body utilization further affects neuronal 
energetics and survival by suppressing glucose utilization and attenuating 
wg/Wnt-like signaling. The proposed model integrates these pathogenetic 
factors with genetic determinants such as apolipoprotein E4 and 
mutations in presenilin and APP genes; it also provides a mechanistic 
basis for understanding the apparent neuroprotective effects of diverse 
pharmacological agents. Similar mechanisms may contribute to the 
pathogenesis of HIV-associated dementia, in which significant alterations 
in systemic fatty acid metabolism are well-documented effects of 
proinflammatory cytokines. 

The foregoing concepts are plausible and consistent with currently 
available evidence in this complex and rapidly evolving field; their 
possible validation will require experimental testing. Particular attention 
is warranted to: 1) regional quantification and characterization of plasma 
FFA utilization and ketogenesis in brain; 2) characterization of the 
potential role of glutamate-induced increases in electron transport chain 
flux in the generation of long-term potentiation and excitotoxicity; 3) 
elucidation of the relationship of normal and disease-related neuronal 
function to astrocyte fatty acid metabolism and ketogenesis, and to 
substrate-induced intramitochondrial oxidative stress in both cell types; 
and 4) identification of the interactions among mitochondrial fatty acid 
oxidation, leptin signaling, and feeding behavior, in hypothalamic 
neurons involved in metabolic regulation. 

Aspects of this review that address pathogenesis have focussed largely 
on Alzheimer disease. However, evidence suggests that the mechanisms 
considered may be relevant to other chronic neurodegenerative processes 
as well as to diverse conditions that may also be linked to changes in 
brain metabolism, including depressive disorders, use and effects of 
addictive drugs, and the pathogenesis of neoplastic brain disease. 
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Chapter 17 

Looking Back, Looking Ahead 



These final paragraphs are intended to provide additional perspective on 
the concepts developed in the preceding chapters, the objectives of which 
have been: 1) to identify and characterize the integration of cell metabolism 
and energetics with signal transduction as a central determinant of cell 
growth, injury, and death; and 2) to critically analyze the impact of this 
interaction in the broader context of human health and disease. Do the 
conclusions and hypotheses generated by this endeavor have merit? 
Examination of the available evidence suggests for many of them a tentative 
“yes”. Although their rigorous assessment will require considerable effort, 
the analysis has identified certain basic themes, repeated emergence of 
which in a variety of settings suggests that they may not only prove to be 
valid, but that they may be major determinants in diverse patterns of normal 
and pathological response. 

Thus, certain sudden, unpredictable, and survival-critical events are 
identified in which large increases in chemical energy are required with 
maximal speed and efficiency. Among these are cell cycle progression, 
neuronal activation, epithelial restitution, and hypoxia-induced angiogenesis. 
These events almost always depend upon glycolysis and wgAVnt-like 
signaling, and require that mitochondrial fatty acid oxidation be suppressed. 
In contrast, more predictable and sustained processes such as maintenance of 
posture, long-distance migratory flight, or myocardial contraction, are 
readily fueled by mitochondrial fatty acid oxidation, reflecting for these 
processes the apparent selection of efficiency in energy storage in preference 
to efficiency in energy generation. Furthermore, significant differences in 
metabolism and mitochondrial effects among classes of fatty acids — e.g., 
short chain vs. long chain, or (0-3 vs. (0-6 — are closely linked to their 
similarly contrasting effects on cell proliferation. 
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Despite the importance of fatty acids in energizing certain vital 
processes, however, their utilization clearly may represent a “double-edged 
sword”. This dichotomy reflects the ability of cellular fatty acids in excess 
abundance, e.g., as a result of elevated plasma [FFA], to override the 
controls that normally govern their mitochondrial oxidation. Under such 
conditions, corresponding increases in electron transport chain flux may 
promote electron “leakage” with one-electron reduction of molecular 
oxygen, forming superoxide anion ( 0 2 ") and derivative reactive oxygen 
species (ROS). ROS may also be produced by H 2 0 2 -generating peroxisomal 
P-oxidation, especially in the case of “trans” fatty acids. If antioxidant 
defense capabilities are exceeded, genomic instability and other forms of cell 
injury may ensue. These adverse consequences of excessive fatty acid 
oxidation and ROS generation are potentially ubiquitous within the 
organism. Accordingly, they may be implicated and perhaps dominant in 
the pathogenesis of diverse and widely distributed injurious processes, 
among them aging, insulin resistance and type II diabetes mellitus, 
atherosclerosis, neurodegeneration, and carcinogenesis. Moreover, they may 
facilitate and/or augment adverse effects of exogenous toxic or infectious 
agents. 

On this basis, identification of the opposing forces of endogenous “good” 
(antioxidant defenses) and “evil” (ROS) as determinants of the organism’s 
normal and abnormal function would appear to be relatively straightforward. 
Unfortunately, so simplistic a view is clearly untenable. Thus, although 
ROS are potentially injurious, they may in certain settings initiate survival- 
supporting responses, e.g., activation of transcription factors NFkB and AP- 
1. Moreover, hypoxia intensifies electron transport chain generation of 
ROS; ROS, in turn, inhibit certain protein phosphatases, thereby augmenting 
PI3K and wg/Wnt-like signaling. This sequence contributes to HIFla 
activation and its transcriptional regulation of genes that encode mediators of 
protective responses, including increased expression of VEGF, 
erythropoietin, and glycolytic enzymes. Finally, ROS generation during a 
brief, “pre-conditioning” period of ischemia activates other protective 
responses, e.g., expression of heat shock and uncoupling proteins, that may 
contribute to survival during subsequent exposure to otherwise lethal 
ischemia-reperfusion. These multifaceted, contrasting, concentration- 
dependent and time-dependent impacts of ROS on cell function and survival 
are demonstrated perhaps most simply and dramatically by the response of 
certain cell types to H 2 0 2 : at low concentrations, cell proliferation; at 
moderate concentrations, programmed death; and at high concentrations, 
necrosis. 

Should these seemingly contradictory effects of ROS be viewed as 
representing the irrational manifestations of a biochemical “Jekyll and 
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Hyde”, a surviving maladjustment to atmospheric oxygenation a billion-and- 
a-half years ago that somehow escaped deletion at the hands of natural 
selection? To the contrary, available evidence can be interpreted as 
suggesting that, within limits, generation of ROS by the mitochondrial 
electron transport chain may serve as an essential and critical indicator of 
cellular energetics, and perhaps what originally may have been a primitive 
metabolic proliferation “signal”. Such a signal would have indicated that 
cell cycle progression is both temporally feasible and energetically optimal. 
While admittedly speculative, this suggestion is supported by the 
circumstances that pertain at peak mitochondrial energization. Under these 
conditions, AW m and [ATP] are maximal; little ADP is available to drive the 
ATP synthase reaction (oxidative phsophorylation), the velocity of which 
determines the rate at which electrons are removed from the electron 
transport chain and oxygen is consumed. Thus, limited ADP supply 
constrains the rate at which electrons are utilized in the biosynthesis of ATP; 
as a result, they accumulate in the electron transport chain, increasing their 
propensity to “leak” and thereby to generate ROS. Similar to the sequence 
that has been described in hypoxia, ROS activation of NFkB would lead to 
transcriptional regulation of genes important in antioxidant defense, while 
ROS inhibition of certain protein phosphatases would augment PI3K activity 
and wg/Wnt-like signaling, leading to cell cycle progression. Moreover, in 
addition to generating low levels of ROS, maximal [ATP] and minimal 
[ADP] would assure that [AMP] is also minimal and therefore that AMPK is 
inactive. As a result of AMPK silencing, mitochondrial fatty acid oxidation 
would be suppressed by both malonyl CoA-dependent and malonyl CoA- 
independent mechanisms, thereby promoting biosynthesis of fatty acids and 
cholesterol as required for membrane biogenesis in mitosis. Thus, an 
energetic/metabolic “code” that drives (or is permissive for) cell cycle 
progression might comprise a combination of “signal settings”, among them: 
1) AW m :high; 2) [ATP]: high; 3) [AMP]: very low; 4) [ATP]/[AMP]: very 
high; 5) AMPK: inactive; 6) ROS: moderately increased; 7) NFkB, PI3K, 
and wg/Wnt-like signaling: active; and 8) lipogenesis: active. Their net 
effect would be subject to variable modulation by (and to some extent 
reflect) DNA integrity, growth factor signaling, extracellular matrix 
interactions, and other potential determinants. 

Accordingly, “good” ROS might be those that are generated through a 
normal ongoing process (e.g., as the low-level by-product of normal electron 
transport chain flux), at a rate that can be contained by cellular antioxidant 
defenses. If such ROS generation were to become slightly and/or transiently 
increased, it would likely initiate survival-promoting cellular signaling. 
“Evil” ROS, in contrast, would be those that are generated in greater 
abundance over longer periods of time (perhaps even years or decades), e.g., 
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as the direct or indirect of xenobiotics, and/or in locations in which 
antioxidant defenses are weak. Such criteria would satisfy the requirements 
of diverse circumstances in which ROS are strongly implicated in disease 
pathogenesis and aging. One example of this would appear to be the 
consequences of exposure of vascular endothelium to large quantities of 
lipoprotein lipid and FFA. Another, excessive astrocyte fatty acid oxidation 
driven by sustained high plasma [FFA], resulting in export of ketone bodies 
and diffusible ROS. Uptake and utilization of these astrocyte -generated 
derivatives of fatty acid oxidation by the weakly antioxidant-defended brain 
neuron would suppress neuronal glucose utilization and predispose to 
oxidative stress-induced neuronal injury. 

Although the obviously important role of humoral and paracrine 
mediators themselves has figured less prominently in the foregoing 
paragraphs, their very entry into the extracellular milieu, through which they 
access cognate receptors on cell surfaces, is also linked to such 
considerations. For example, insulin secretion is activated by conditions 
within the pancreatic beta cell that closely resemble those that would support 
cell cycle progression. Thus, the prime determinant is beta cell glycolysis 
activated by an unpredictable rise in blood glucose concentration: ATP 
generation is high, wg/Wnt-like signaling is permissive or active, and fatty 
acid oxidation is suppressed. Conversely, excessive beta cell mitochondrial 
fatty acid oxidation and ROS generation, sustained over years, may 
eventually impair the augmented insulin response that is required to promote 
glucose utilization in fatty acid-associated insulin resistant extrapancreatic 
tissues, eventually leading to beta cell death and type II diabetes mellitus. 
Consistent with this concept, stimulation of insulin secretion by some oral 
hypoglycemic agents may reflect their inhibition of beta cell CPT-I. In a 
quite different and far more transient setting, macrophage (Kupffer cell) 
secretion of TNFa early after partial hepatectomy reflects transcriptional 
regulation of TNFa expression by NFkB, the latter activated at least in part 
by mitochondrial fatty acid oxidation-induced ROS generation. In 
hepatocyte as well as Kupffer cell, predominant fatty acid oxidation 
precludes cell proliferation during this several hour long initial phase. 
Through its hepatocyte receptor, however, TNFa activates the PI3K- and 
NFicB-mediated responses that are essential to the normal ensuing 
hepatocyte proliferation and liver regeneration. Thus, metabolic 
determinants appear not only to energize cell cycle progression and other 
intracellular processes, but in addition contribute importantly to the 
regulated secretion of intercellular mediators of signals that both 
communicate and promote circumstances conducive to the activation of such 
processes. 
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The concepts advanced in this volume also may provide a basis for newer 
understandings of human disease, and its prevention and treatment. Among 
the questions and hypotheses so generated are the following: Do sustained 
increases in plasma [FFA] associated with obesity, insulin resistance, and 
type II diabetes mellitus, or HIV infection — the latter reflecting 
proinflammatory cytokine effects on adipocyte lipolysis — contribute to 
neurodegeneration (Alzheimer disease or HIV encephalopathy, respectively) 
by driving increased astrocyte mitochondrial fatty acid oxidation and 
ketogenesis? Might similar mechanisms account for diabetes mellitus- 
related effects on the kidney, or on fetal development, incidence of pre- 
eclampsia, and placental insufficiency? Does heightened ROS generation in 
diverse organs and tissues caused by sustained, nicotine-induced increases in 
plasma [FFA] contribute to the pathogenesis of various smoking-related 
disorders, neoplastic and otherwise? 

Quite unexpectedly, this endeavor has also brought to light hints at what 
might represent a basis for understanding aspects of an interaction between 
conscious thought and cellular' function. For example, Li + — smallest of all 
charged atomic particles except for the proton — augments wg/Wnt-like 
signaling and, in certain circumstances, subjective mood. These parallel 
effects suggest the possibility that affect may be related to metabolism and 
energetics in specific brain neurons. Also, regulation of the sensation of 
hunger and its associated behavior patterns may be linked to the combined 
effects of insulin and leptin on intermediary metabolism in specific 
hypothalamic neuronal populations, which also appears to influence the 
activity of systemic adrenergic neurotransmission. Possibly related in this 
context are the differing metabolic and behavioral reponses to activation of 
cannabinoid receptors by endocannabinoids, as compared with 
tetrahydrocannabinol. Whether such implied and hypothetical “mind-body” 
linkages are valid remains to be determined, as does their possibly broader 
significance for human thought and feeling. 

What about cancer? Did the mechanisms that enabled the survival and 
evolution of our primordial, “sea”-dwelling ancestral eukaryotes (Chapter 1) 
also endow their distant progeny with the genomic plasticity that underlies 
development of many or most human cancers, especially those that do not 
result from germline mutations? In a setting imposed by human disease, 
cells struggle for survival in a battle zone, subjected to potentially lethal 
injury by immunocytes, cytokines, toxic xenobiotics or biotransformation 
products, and reactive oxygen species, or through deprivation of nutrient, 
oxygen, or growth factors. In this environment, cell death is expected, 
programmed in part by an exogenous toxin or invading organism, or by the 
host in its defensive response. Under such conditions, perhaps the only hope 
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for survival may lie in a progressively radical metamorphosis that offers the 
possibility of reversion to that earlier, free-living, primordial existence. 

In this metamorphosis, involving incremental modifications in gene 
expression, the cell would discard the trappings of life in its multicellular, 
interdependent, and regulated environment. Such a scenario might be 
exemplified by the following positive or negative changes: Cell-cell 

(adherens junctions) and cell-matrix associations are severed (wg/Wnt-like 
signaling and matrilysin expression, respectively). Antiproliferative and 
pro-apoptotic influences are suppressed, whether internal (PTEN, p53) or 
external (TGF(3R signaling). Energizing nutient is acquired, hoarded, and 
utilized aggressively (GLUT 1, glucose-6-phosphatase, hexokinase II, M 2 - 
type pyruvate kinase). Signaling pathways such as wg/Wnt-like 
(PI3K/Akt/PKB) integration of fueling, energetics, and mitosis may be 
constitutively activated (APC and PTEN mutations), and these in turn may 
effect coordinate upregulation of biosynthetic pathways for fatty acids, 
isoprenoids, and sterols (SREBPs). Oxygen availability is maximized 
(VEGF and other angiogenic factors); and competition from neighboring 
cells is counteracted (TGF(3 secretion). Among the few antiproliferative 
mechanisms retained by the transformed malignant cell are those required 
for survival, such as the Cip/Kip protein family. Uniquely among inhibitors 
of the early cell cycle, the Cip/Kip proteins escape inactivating mutation in 
virtually all human cancers. The malignant cell thus retains access to the 
vital services of Cip/Kip: 1) activation of D cyclin/cdk4,6 complexes and of 
G1 cell cycle progression; and 2) prevention of premature and potentially 
fatal entry into S phase, with its sustained and intensive commitment of 
energy (i.e., consumption of ATP) to the demands of genome replication. 

Fully developed, the metamorphosis launches the cell upon a solo 
journey. Recapitulating its ancestral origins, the cell now enjoys the 
possibility of unfettered proliferation, limited only by those constraints that 
are imposed by nutrient and oxygen availability or adverse external factors. 
Clonal expansion can be accomplished far more rapidly than would have 
been imaginable under the cumbersome “old” rules that governed regulated 
growth in a multicellular organism. In fact, as clonal expansion progresses, 
the host may be subject to type II diabetes mellitus-like changes in 
metabolism and a wasting process, both of which effectively and 
preferentially but inefficiently divert nutrient to the growing tumor. In an 
anthropomorphic extension of its metamorphosis, the cell that might be 
viewed by its progeny as an heroic founding ancestor is seen by us as the 
arch-enemy. Importantly, the transitions that make this new existence 
possible do not appear to have been dictated by any specific pre-ordained 
strategy. Rather, as was true of its ancestors in the primordial “sea”, the 
transitions that endure are those, encoded by more or less random gene 
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mutations (or epigenetic regulation of wild-type genes) that enable the cell to 
succeed, i.e., to survive, proliferate, and “write the history’’ of its period. In 
this setting, unfortunately, the history is that of an often intractable and 
devastating illness. 

But perhaps the growth advantage acquired by the cancer cell in its 
Darwinian struggle for survival also provides a point of vulnerability (an 
“Achilles heel’’) for those who would seek to defeat it. Although w-3 fatty 
acids, salicylate, and statins, all acting through different mechanisms, oppose 
tumor development and growth by suppressing cell proliferation, a more 
decisive blow is required to deal with the established malignancy. One 
potential target at which such a blow might be directed is the prolonged and 
energy-intensive S (DNA synthesis) phase of the cell cycle. During this 
critical period of genome duplication, cellular demand for energy (ATP) is 
high and sustained, and the respite that might otherwise be afforded by cell 
cycle checkpoint arrest is not available as an option until S phase is 
completed. Might the implicit unacceptability of compromised energy 
generation during this period of genome replication represent the basis for a 
novel therapeutic approach to cancer? In such an approach, might it be 
possible, in vivo, to achieve near synchronous, pharmacologically-induced 
tumor cell G1 arrest, then to activate near synchronous cell cycle 
progression? If so, perhaps a subsequent pharmacological disabling of 
mitochondrial energetics (e.g., through inhibition of a key metabolic 
pathway, uncoupling of oxidative phosphorylation, and/or inhibition of the 
electron transport chain), and timed for delivery during S phase, would 
trigger a consumption-driven, inexorable and precipitous fall in [ATP] and 
its sequelae: adenylate kinase-mediated rise in [AMP], activation of AMPK, 
and programmed cell death. Because some cancer cells may transiently fuel 
proliferation anaerobically, interference with glycolysis may also be 
important to augment cell killing. Unavoidably, normal, non-transformed 
cells might also be exposed to the reagents employed in such a program. 
However, because these cells remain subject to physiological growth 
controls, they would be far less susceptible to pharmacologically induced 
cell cycle progression, and therefore less vulnerable to the subsequent 
disruptive manipulation of mitochondrial energetics. While frankly 
hypothetical — and certainly challenging in regard to its potential for 
clinical application — the theoretical basis for such an approach appears to 
be sound. 

The present treatise has generated many concepts that address important 
and unresolved scientific and clinical questions. Some of these concepts 
appear to be strongly supported by the published findings of many scientists, 
variously reinterpreted in light of the hypotheses here advanced. Other 
concepts are consistent with published reports, but need to be specifically 
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addressed. Still others are hypothetical or even speculative. For few of the 
concepts and hypotheses if any, however, would currently available 
information justify outright dismissal. Rather, their validity or lack thereof 
will be determined only through direct experimentation. In that sense, 
perhaps the volume itself can be viewed as an experiment, hopefully one that 
will have generated not only questions, but also answers that are “fit” 
enough to survive. 
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Acetoacetate: see Ketone bodies 

Acetyl CoA carboxylase; see also AMPK; and Fatty acid biosynthesis 
AMPK, 4, 5, 55, 57, 79, 96 
BRCA1.55 

fatty acid oxidation, 232, 237; see also Fatty acid oxidation 
“statin” agents, SREBP, 153, 154, 328 
Activator protein- 1 (AP-1): see Nuclear factor kB 

Adenine nucleotide translocase (ANT): see Mitochondrial energetics, VDAC 
Adenomatous polyposis coli (APC), 27, 30, 31, 33, 84-85, 97, 127, 315-316, 318, 366; see 
also Cancer 
colon cancer, 27, 30, 33 

glycogen synthase kinase-3(3 (GSK3(5): see PI3K/Akt/PKB 
murine model, A i KMm/ ' 1 ', 84, 127 

PPAR6, 85 

wg/Wnt-like signaling: see PI3K/Akt/PKB signaling 
Adenosine diphosphate (ADP), ROS generation and, 147, 158, 285, 290-291, 363 
Adenosine monophosphate (AMP): see AMP-activated protein kinase 
Adenosine triphosphate (ATP) generation, stoichiometry, 58-60; see also Cell cycle 
Adenylate kinase and AMPK, 94, 96, 367 
Adherens junctions, 92, 306, 316, 366 

Adipocyte fatty acid binding protein (aP2): see Fatty acid binding proteins 
Adipose tissue; see also Diabetes mellitus; and Insulin resistance; and Obesity 
visceral, 148, 179 

Advanced glycation endproducts (AGE). 147-148, 151; see also Hyperglycemia 
Affect: see Depression 

Aging, 8, 15, 82, 149, 158, 303, 307, 308, 314. 328, 362, 364 
Agouti-related peptide, 236 

Akt-protein kinase B (Akt/PKB ): see PI3K/Akt/PKB signaling 
Alternative substrates, 124, 217, 260, 313-314 

Alzheimer disease, 6, 8, 9, 32-33, 155, 208, 225, 267,277,280, 303-330, 365; see also 
Astrocyte; and Nicotine; and Synaptic function 
(3 amyloid, 33, 34, 152, 208, 223, 225, 240, 291, 304-306, 314-323, 328-329 
cell cycle induction, 319 
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Alzheimer disease (cont.) 

amyloid precursor protein (APP), 306, 316, 317, 320, 323, 329 
Swedish mutant APP, 306, 323 
apolipoprotein (a), 306 
apolipoprotein E (apoE), 305-306, 328 
(3 amyloid and, 306, 320, 323 
E2, E3 isoforms, 305 
E4 isoform, 305-306, 308, 322-324 
effects on neuronal repair, synaptic function, 305 
cerebral metabolism, 309-310 

citric acid cycle, 305, 310, 311. 314, 316, 317, 319, 324 
glucose-oxygen dissociation, 314; see also Neuronal activation 
GLUT 3 adducts, 309, 324 
insulin effects, 309-310 

ketone body utilization and effects, 303, 309-314, 324, 326, 327, 329, 364 
2-oxo-glutarate dehydrogenase, 305, 310 
regional differences, 310 
cerebrospinal fluid in diagnosis, 304, 308 
cholesterol 

cholesterol-degrading enzyme, 305 
risk factor, 309 

“statins”, 15, 55, 147, 152-154, 328, 330, 367 
synaptic function, 305 

diabetes mellitus, insulin resistance, 307-309 
analogous retinal pathology, 308 

fatty acid metabolism, systemic manifestations, potential modulators, 327-330 
nicotine, 322, 328-329 
insulin-degrading enzyme, 306, 322, 323 
neurofibrillary tangles, 32-33, 304, 306, 317, 318, 322, 324, 329 
PI3K/Akt/PKB, 304, 314-325, 328; see also PI3K/Akt/PKB signaling 
GSK3P and, 314-324 
Li + effects and depression, 320-321 

neurofibrillary tangles, 32-33, 304, 306, 317, 318, 322, 324, 329 
neuronal death and the cell cycle, 319-320 
presenilins (PS), 31-32, 306, 315-319, 324, 329 
prion protein (PrP) interactions, 321 
x phosphorylation, 317 
“truncated” signaling, 316 
ROS, oxidative stress: see Reactive oxygen species 
“vicious cycle” in pathogenesis, 321-326 

5-Aminoimidazole-4-carboxamide ribonucleoside (AICAR): see AMP-activated protein 
kinase 

cx-Amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptor (AMPAR): see Synaptic 
transmission 

AMP-activated protein kinase (AMPK), 4-5, 54, 55, 57-59, 79, 94, 96, 97,151, 179, 189, 264, 
363, 367 

adenylate kinase, 94, 96, 367 
AICAR, 96-97 
apoptosis and, 96-97 
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AMP-activated protein kinase (AMPK), (cont.) 
fatty acid oxidation, 96-97, 151, 264 
regulation of growth, lipogenesis, 4-5 
Anandamide: see Cannabinoids 
Angiogenesis: see Hypoxia 

Apolipoprotein (a), 306; see also Alzheimer disease 
Apolipoprotein B, 150 
Apoptosis, 85-98, facing p. 85 
Bcl-2 protein family, 88-90 

caspasefs), 28, 34, 77, facing p. 85, 86, 87, 90, 93-96, 98, 125, 126, 144, 188, 239 
caspase 3 targets Akt/PKB, Bcl-2, p-catenin, cytokeratins 8/18, IKKp, p2 i Wafl/ci P 1 ^ 95 
cell cycle and, 95-98 
AICAR, 96-98 
AMPK, 96-98 
carcinogenesis, 97 
hepatitis B and C, 97 
insulin, leptin, 97 

ceramide, 92-94, 144, 188, 239, 292 
ganglioside GD3, 92 

mitochondrial function, 77-98, facing p. 85 
apoptosome, 87 

apoptotic protease activating factor- 1 (Apaf-1), 87 
inhibition by Hsp27,9 0 
procaspase 9 activation, 87 
intermembrane protein release, 86, 89-90 
cardiolipin, 89 
cytochrome c, 89-90 
PI3K/ Akt/PKB, 88-93 
ursodeoxycholic acid, 94, 126 

VD AC/permeability transition pore, 86, 91-92; see also Mitochondrial energetics, 
VDAC 

tumor necrosis factor receptor (TNFR) family, 85, facing p. 85, 86, 93-95; see also 
Proinflammatory cytokines 
Fas, Fas ligand (FasL), 85, 86, 92-95 
Fas mediation of butyrate-induced apoptosis, 123 
FasL-independent Fas signaling, 93-95 
AMPK, 94-95 
ATP, ROS, 94 

bile acids, menadione, UVB light, 93-94 
TNFR1.85, 86 

PI3K/Akt/PKB -mediated signaling, 86, 91, 129, 185, 187, 188, 240, 287 
Apoptotic protease activating factor-1 (APAF-1), 87; see also Apoptosis, apoptosome 
Appetite: see Feeding behavior 
Arterial hypertension, 154 
Aspirin: see NSAIDs, salicylate 
Astrocyte; see also Alzheimer disease 

antioxidant defenses, 229, 231, 232, 239, 262, 266, 268, 326 
fatty acid binding protein, a-synuclein expression, 262 
fatty acid oxidation, 207-208, 210, 211, 262-264 
gluconeogenesis, 7, 211-212, 255-258, 324 
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Astrocyte (cont.) 

glutamate, 255, 257, 259-262, 265, 268 
glutamine export, glutamine shuttle, 259-262 
ketogenesis, 6, 155, 208, 211, 212, 263-268, 325, 327, 364 
cannabinoid effects, 264 
lactate export, 212, 255-258 
Atherosclerosis 
ABCA1, 151 

C-reacti ve protein , 151-153 
CD36 scavenger receptor, 150-151 
cholesterol, 150-153 
endothelial lesion. 150-154 

fatty acid binding protein (aP2), 151 
fatty acid oxidation, 147-154 
leptin, 151 

trans fatty acids, 8, 144, 150, 151, 157, 362 

peroxisome proliferator-activated receptors, 82, 84, 151-153; see also PPARa, PPARy 
hypolipidemic drugs 

fibrate peroxisome proliferators, 154 
“statin” agents, 152-154 

antiinflammatory, antiproliferative effects, 15, 152-154 
fatty acid oxidation, 153 
HMG CoA reductase, 152-153 
LXR, 55, 92, 152, 154 
SREBP, 152-154 
oxidized LDL, 149-150 

Bipolar disorder: see Depression 
Brain substrate utilization 

fatty acids: see also Feeding behavior 

adverse effects on astrocyte, neuron, 263-268 
astrocyte utilization and oxidation, 226-232; see also Astrocyte 
ketogenesis, 6, 208, 211, 230, 263 
MCFA, SCFA oxidation, 230 
ROS generation, antioxidant defense, 231, 264-266 
flow-independent uptake, 213, 226 
neuronal SREBP, 232 
PPAR expression and activity, 231 
glucose 

flow-dependent uptake, 213 

glucose transporters, GLUT 1, GLUT 3, 218 

GLUT 3 adducts, 309, 324; see also Alzheimer disease, cerebral metabolism 
glycolysis, 218 

insulin, insulin receptor, 218, 235, 238, 309, 311, 315, 321, 322, 328 
suppression by ketone bodies, 221, 222 
ketone bodies 

flow-independent uptake, 213, 221, 310 

(i-oxidation in brain, 207, 208, 212, 220-225, 232, 261, 263, 264, 267, 268, 277-279, 
282, 292, 309-314, 324, 326, 327 
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Brain substrate utilization ( cont. ) 

fasting-independent, 220-221 

inhibition of PDH, glycolysis, 222-223 

neuronal energetics, 6, 207, 208, 223-225 

neuronal utilization in preference to glucose, 207, 208, 221-225 

short term neuroprotection, 223-225 

uncoupling, uncoupling-like effects, 122, 123, 129,208,211,222-224, 231,263, 
282, 324 

ROS generation, 208, 222-224, 264-268, 282, 292, 324 
synaptic function, 224-225 
neuroprotection vs. acute insults, 223-225 
BRCA1 and acetyl CoA carboxylase, 55 
Butyrate 

antiproliferative effects, 121-124, facing p. 123 

apoptosis, 123-124 

(1-catenin, 121 

colonic epithelium, 124 

fatty acid oxidation and ketogenesis, 122-124 

uncoupling, uncoupling-like effects, 122-123, 129, 222-223 

C75, 237; see also Feeding behavior 
E-Cadherin, 29, 32, 121, 125, 315, 318 
P-Cadherin, 125 

a-Calcium-calmodulin-dependent protein kinase II (CaMKll), 287 

Calcium stimulation of mitochondrial dehydrogenases, 61, 287, 288; see also Mitochondrial 
energetics 

Caloric restriction, 14, 146. 149, 328 
Cancer, cancer cells, 15, 23-27, 29-31, 45, 47, 84, 365-367 
cancer cachexia, 15, 47, 50, 52, 61-64 
colon cancer 
butyrate, 124 
cell lines, 51. 84, 122. 127 
growth inhibition by MCT, ketone bodies, 49-50 
salicylate, NSAID effects, 127 

transplantable MAC-13/16, host and tumor metabolism, 49, 52, 61, 62 
fatty acid biosynthesis, 53-56 

Cannabinoids, 59, 237, 292, 293, 365; see also Feeding behavior 
cannabinoid receptor CB1, 59, 292 
endocannabinoids, 292, 293, 365 
anandamide, 292 
fatty acid amide hydrolase, 292 
tetrahydrocannabinol, 264, 292, 293, 365 
Cardiac myocyte 

adverse effects of ketone bodies, 223 
fatty acid oxidation, 7, 58, 96, 97, 125, 151, 154, 232, 234 
TGFP and mitochondria, 125 
oxidative stress, 154-155 

Carnitine palmitoyltransferase-I (CPT-I): see Fatty acid oxidation 
(5-Catenin; see also PI3K/Akt/PKB signaling 
butyrate, 121 
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P-Catenin, (cont.) 
caspase 3, 95 

eolonoeyte, 30, 33, 84, 315 
liver regeneration, 180 
neuron, 32, 33, 306, 315-318, 320 
phosphorylation by GSK3P, 28, 29, 31, 33, 315-320 
transcriptional regulation, 27-35, 92, 315-320 
PPARy, PPAR5, 84-85 
TGFP, 125 
C. elegans, 29 
Cell cycle 

apoptosis and, 95-98, 319-320 

energy (ATP) demands, 5, 6, 8, 13-15, 22-25, 30-32, 59, 361, 363, 364, 366-367 
inhibition 

butyrate, 121-122 
cyclin-dependent kinase inhibitors 

Cip/Kip family (p21 Waf,/Cipl , p27 Ki| ”), 29-30, 95-98, 366 

pl5' NK4 \29 

pl6 1NK \ 121 

Forkhead transcription factors, 29 
salicylate, NSAIDs, 127 
TGFP, 125 

PI3K/Akt/PKB signaling, 27-31; see also PI3K/Akt/PKB signaling 
inhibition by fatty acids, 31, 83, 86, 144, 145 
ROS, 33-35 

Cell proliferation; see also Cell cycle; and Hypoxia; and Mitochondrial energetics 
hypoxic, 14, 19, 26, 27, 30, 34-35, 50, 77, 81, 91, 93, 128, 158, 264, 361-363 
requirements for model, 14-16 
substrates 

aerobic glycolysis and citric acid cycle, 14, 16, 20-23, facing p. 21, 25, 26, 32, 35, 55- 
58 

fatty acids, 53-57 

exclusion of fatty acid oxidation, 19,59,81-83, 144-145, 160, 181-184 
fatty acid biosynthesis, 53-55 
liver fatty acid binding protein, 49 
PPARct, 81-83 

glutamine, glutamate, 58, 124, 148 
sterols, isoprenoids, 55-56, 363 
Ceramide, 92-94, 144, 188, 239, 292 
Cholesterol: see Alzheimer disease; and Atherosclerosis 

Citric acid cycle (tricarboxylic acid cycle): see Cell proliferation, substrates; and 
Mitochondrial energetics 
effect of U)-3 fatty acids, 53 
NSAIDs, 127, 129-131 
PPARy and PPAR6, 84-85 
COX: see Cyclo-oxygenase 

CPT-I (Carnitine palmitoyltransferase-I): see Fatty acid oxidation 
Crabtree effect, 27, 148; see also Hyperglycemia 
C-reactive protein (CRP), 151-153; see also Atherosclerosis 
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Cyclin D and PI3K/Akt/PKB, 28-30, 156 

Cyclo-oxygenase (COX, prostaglandin G/H synthase), 28, 53, 84, 85, 187, 240, 289; see also 
NSAIDs 

Cytochrotne c: see Apoptosis, mitochondrial function; and Mitochondrial energetics 
Cytokeratins 8 and 18; see also Fatty acid oxidation, regulation of CPT-I 
AMPK and CPT-I regulation, 54, 57-58, 95 
caspase 3, 95 

heat shock proteins, 156, 157 
Cytokines: see Proinflammatory cytokines 

Dementia: see Alzheimer disease; anr/HIV, dementia 
Depression, 239, 320-321, 365 

Docosahexaenoic acid (22:6, ( 0 - 3 ) (DHA): see Fatty acids 
Diabetes nielli tus, 48, 80, 81, 126, 154, 155, 306, 362, 364 
atherosclerosis, 147, 148, 150, 152 
brain, 208, 224, 239, 307-310, 313, 323, 324, 327, 329, 362 
cancer cachexia, 62, 366 
diffuse organ injury, 126,154, 155, 362, 365 

plasma FFA and insulin resistance, 6, 8, 83, 143-148, 154, 208, 239, 264, 279, 292, 310. 
324, 327, 329, 362-365 
Dicarboxylic fatty acids: see Fatty acids 

Eicosanoids, 14, 47, 53, 55, 57, 64, 80, 84,127,131,179,187,269,289 
Eicosapentaenoic acid ( 20 : 5 , ( 0 - 3 ) (EPA): see Fatty acids 

Electron “leakage” and ROS generation: see Mitochondrial energetics; and Reactive oxygen 
species 

Electron transport chain: see Mitochondrial energetics 
Endothelium: see Atherosclerosis, endothelial lesion 
Enterocyte, 32, 148, 150, 260 

Epidermal growth factor (EGF), 22, 25, 28, 30, 32, 61, 127, 177 
Epithelial restitution, 32, 361 
Estrogens, 317, 325, 330 

Ethanol, protective effects, 156-157, 309, 325, 330 
adverse effects, 94, 147 
Excitotoxicity: see Synaptic Transmission 
Extramitochondrial fatty acid oxidation: see Fatty acid oxidation 

Familial adenomatous polyposis (FAP): see Adenomatous polyposis coli (APC) 

Fas, FasL: see Apoptosis 

Fatty acid amide hydrolase, 292; see also Cannabinoids 
Fatty acid binding proteins (FABP), 81, 226, 231-233, 262, 292 
adipocyte lipid binding protein (ALBP, aP2), 82, 151, 185,238 
astrocyte expression (brain, heart, keratinocyte, liver isoforms), 262 
brain isoform (B-FABP), 233, 262 
cutaneous isofoim (C-FABP), 53 
heart isoform (H-FABP), 262 
keratinocyte isoform (K-FABP), 262 
liver isoform (L-FABP), 49, 78, 180, 185, 262 
cell proliferation, 49, 180, 185 
U )-6 fatty acids, 49 
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Fatty acid binding proteins (FABP), (cont.) 

PPARa, 78, 180 

Fatty acid biosynthesis, 4, 20, 22, 25, 55, 78, 152-154, 232, 258, 363; see also Acetyl CoA 
carboxylase; and Lipogenesis 
fatty acid synthase (FAS), 49, 53, 153, 237 

Fatty acid oxidation; see also AMPK; and Brain substrate utilization; and Feeding behavior; 
and Reactive oxygen species; and PPARa 
adverse effects, various tissues, 143-160 
cell growth, 5, 47, 49, 51, 53-55, 57-59, 62, 77, 361 
growth inhibitor effects, 121,123, 125-130 
interaction with Bcl-2,91 
liver regeneration, 180-182, 184-189 

mitochondria, carnitine palmitoyltransferase-I (CPT-I (-mediated, 7-8, 21-22 

fatty acid override of, 21, 59, 83, 144, 145, 148, 181-182, 186, 212, 231, 238, 239, 362 
long chain fatty acids, 20, facing p. 21, 22 
medium, short chain fatty acids, 57; see also Fatty acids 
(0-3 fatty acids, 51, 52, 57 
regulation of mitochondrial fatty acid oxidation 
activation by AMPK, 57, 58, 94 

cytokeratins 8/18 (malonyl CoA-independent), 54, 57, 58, 95, 156, 157, 187 
inhibition by fibrate peroxisome proliferators, 13,49,78, 80-82,94, 151, 154, 180, 
185 

leptin, 58 

malonyl CoA-dependent, 20, 22, 51, 54, 57, 58, 92, 154, 185, 186, 228, 232, 237, 
238, 328, 363 

malonyl CoA decarboxylase, 59 
peroxisomes, P-oxidation, 7, 8, 51-52, 54, 78-80, 83, 144, 182 
ROS generation, 54, 83, 144, 148, 150, 151, 155, 182, 264, 362 
smooth endoplasmic reticulum, (o-oxidation, 78-80, 144, 148, 180, 182,232 
Fatty acids 

adverse effects on mitochondrial function, 143-145 
cell growth, 47-64 

dicarboxylic fatty acids, PPARa-induced peroxisome proliferation, 78, 180, 232 
medium chain fatty acids (MCFA), 49, 57, 79, 143, 230 
oleic acid, 262 

omega-3 ((0-3) unsaturated fatty acids 
brain, 262, 286, 327 

cell growth, 15, 47, 52-53, 57, 160, 187, 361, 367 
metabolic effects, 6, 51-52 

antioxidant, uncoupling effects, 6, 15,51,53, 129, 131, 144, 152 
fatty acid oxidation, 6, 47, 51-52, 143, 145 
glycerolipid/lipoprotein synthesis, 51-52 
omega-6 ((0-6) unsaturated fatty acids, 47-50, 55, 57 
brain, 262, 327 

cell growth, 47-50, 52, 53, 55, 57, 179, 180, 187, 189, 361 
metabolism, 51, 52 
ROS generation, 48, 55, 57 
PI3K/Akt/PKB activation, 48 
saturated fatty acids, 49, 144, 309 
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Fatty acids, (cont.) 

short chain fatty acids (SCFA), 50, 57, 230, 318, 319, 361; see also Butyrate 
trans fatty acids, 8, 144, 150, 151, 157, 362 
Feeding behavior, hypothalamic regulation, 6-7, 233-237, 365; see also Cannabinoids 
cannabinoids, 237 
fatty acid oxidation, 233-236 
fatty acid synthase and C75, 237 
leptin and insulin effects, 234-236 
relationship to plasma [FFA], 234-235 

Fibrate hypolipidemic agents: see Atherosclerosis; and Fatty acid oxidation, CPT-I: and 

PPARa 

Forkhead transcription factors, 28, 29, 33, 34, 84, 93, 158 

Free (unesterified) fatty acids (FFA); see also Diabetes mellitus; and Fatty acid oxidation, 
CPT-I override; and Fluman immunodeficiency virus; and Insulin resistance 
advanced glycation products. 147-148, 151 
brain: see Brain substrate utilization 
effects in various tissues. 143-160 
endothelial lesion of atherosclerosis, 148-154 
nicotine, 148, 155, 239, 328, 329, 365 
visceral adipose tissue, 148, 179 

Fructose-2, 6-bisphosphate (-phosphatase) [F2,6BP(ase)], 20, 21, 25; see also 
Gluconeogenesis; and Glycolysis 

Gamma-aminobutyric acid (GABA) 
mitosis, 319 

neurotransmission, 259, 262, 282, 284, 319 
Germ-free animals, 124, 185 
Glia: see Astrocyte 

Gluconeogenesis, 7, 21, 22, 145-148, 313; see also Astrocyte 
cancer cachexia, 50, 62, 64 
growth regulatory factor effects, 25, 126 
kidney, 7, 62, 64, 179, 182 
liver regeneration, 16, 50, 177-182, 184, 187, 189 
Glucose transporters (GLUT 1, 3, 4), 23, 30, 34, 55, 218, 309, 324, 366 
ROS-induced GLUT 3 adducts, 309, 324 
Glutamate; see also Synaptic transmission; and Mitochondrial energetics, VDAC 
impairment of cystine uptake and glutathione balance, 91, 283, 285-286, 288-289 
neurotransmission, 256, 259, 282-293 
postsynaptic neuronal uptake: see Synaptic transmission 

respiratory substrate and source of ROS, 54, 124, 148; see also Cell proliferation, 
substrates 

ROS inhibition of uptake by astrocyte, 265 
Glutamine and intestinal epithelium, 124; see also Astrocyte 
Glutamine export, shuttle: see Astrocyte 
Glutathione and apoptosis, 91 
Glycogen storage disease, type I, 13, 14, 189 

Glycogen synthase kinase-3(3 (GSK3P): see PI3K/Akt/PKB signaling 
Glycolysis 

aerobic, and cell proliferation, 14, 16, 20, facing p. 21, 23, 25, 26, 32, 35, 55-58 
anaerobic, 20 
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Glycolysis, (cont.) 

neuronal activation, 209, 210, 212-214, 218 
GSK3J5 (Glycogen synthase kinase3(3): seePDK/Akt/PKB signaling 

Heart: see Cardiac myocyte 
Heat shock factor (HSF1), 156 
Heat shock proteins (Hsp27, Hsp70, Hsp90) 
attenuation of TGFP effect (Hsp70), 157 
induction by ethanol, thermal stress (Hsp27, Hsp90), 156-157 
inhibition of apoptosis (Hsp27, Hsp90), 90 
interaction with intermediate filaments (Hsp27, Hsp90), 156 
ischemic preconditioning (Hsp27, Hsp90), 156 
stabilization of Akt/PKB (Hsp27, Hsp90), 34, 93, 156, 157 
Hep G2 cells, 53, 153 
Hepatectomy: see Liver regeneration 

Hepatic tumors, 127; see also Glycogen storage disease. Type I 
Hepatitis: see Apoptosis, cell cycle; and Nonalcoholic steatohepatitis 
Hepatocellular carcinoma, 28, 62, 79, 155 
Hepatocyte growth factor (HGF) 

activation of adipocyte lipolysis, 55, 177-178 
glycolysis, 25 
liver regeneration, 177 
PI3K/Akt/PKB, 28, 31, 55, 89 
SREBP signaling, 55 
Hexokinase 

glycolysis, 20, 23 

hexokinase II, 23; see also Mitochondrial energetics, membrane contact sites, VDAC 
activation by PI3K/ Akt/PKB, 27, 30, 89, 92, 157 
cell proliferation, 23-27, 30, 366 
HIFla activation, 26 

inhibition of Bax-induced cytochrome c release, 24, 27, 89 
neuronal activation, 209-211, 213, 216, 218-219 
VDAC, 22-24, 218-219 

fatty acid-induced dissociation, 59-60, 144 
kinetic advantages, 24 

Hexose monophosphate shunt (pentose phosphate pathway), 20, 22, 25, 158, 184, 239, 255, 
313 

Hippocampus, 228, 306, 310 

HMG CoA reductase: see P-hydroxy-P-methy 1-glutary 1 CoA reductase 
Human immunodeficiency virus (HIV) infection, 94, 240 

apoE4, Alzheimer disease, 306, 327, 330, 365; see also Alzheimer disease, apoE 
dementia, 208, 267-268 

proinflammatory cytokine activation, 267-268; see also Liver regeneration, 
proinflammatory cytokines 

fatty acid metabolism, 6, 8, 9, 144, 145, 208, 238, 239, 264, 267-268, 279-280, 292, 365 
Hydrogen peroxide (H 2 0 2 ): see Reactive oxygen species (ROS) 

P-Hydroxy-butyrate: see Ketone bodies 

P-Hydroxy-P-methyl-glutaryl CoA reductase (HMG CoA reductase), 57, 152-153 
4-Hydroxynonenal (HNE), 324 
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Hypercholesterolemia: .see Alzheimer disease, cholesterol; and Atherosclerosis, cholesterol 
Hyperglycemia, 126, 147, 148, 151, 155, 310 

advanced glycation endproducts (AGE), 147-148, 151 
Crabtree effect, 27, 148 

Hypoxia, 14, 19, 26, 27, 34-35, 50, 77, 81, 91, 93, 158, 181, 264, 291 
angiogenesis, 26, 34, 59, 84, 361 

hypoxia-inducible factor- la/aryl hydrocarbon nuclear translocator (HIFla/ARNT), 26-27, 
34-35, 81, 93, 158, 362 

ROS activation of PI3K/Akt/PKB. 34, 128, 362, 363 
vascular endothelial growth factor (VEGF), 34, 93, 362, 366 
von Hippel-Lindau (VHL) protein, 34-35 

Insulin, 6, 8, 28, 129, 362, 364, 365; see also Diabetes mellitus; and Feeding behavior; and 
Insulin resistance 
apoptosis, 89, 97 

brain, 218, 222, 223, 234-236, 238, 239, 255, 264, 279, 287, 292 
Alzheimer disease, 306-311, 313-318, 320-324, 327-330 
cancer cachexia, 62, 63 

growth regulation, 22, 25, 27, 28, 30-34, 48, 49, 51, 54, 55, 57, 58, 81, 83, 160 
liver regeneration, 177, 179, 180, 182, 185-189 
contrast with TNFa, 187, 189 

Insulin-degrading enzyme (IDE) and Alzheimer disease, 306, 322, 323 
Insulin-like growth factor- 1 (IGF-1), 27, 28, 30, 94, 188. 218. 317 
IGF-2,62 

Insulin receptor, 25, 185, 188, 218, 235, 238, 309, 311, 315, 321, 322, 328 
Insulin receptor substrate- 1 (IRS-1), 23, 28, 30, 89, 315, 316, 321 
expression in early hepatocellular carcinoma, 25 
PI3K/Akt/PKB signaling, 28, 30, 89, 315, 316, 321 
Insulin resistance; see also Alzheimer disease; and Diabetes mellitus; and Obesity 
plasma FFA, 6, 8. 144, 145, 147, 148, 152, 154, 208 
visceral adipose tissue, 148, 179 
Insulin secretion, 14, 27, 62, 154, 155, 364 
Interleukin- 1 , -6 ( IL- 1 , -6): see Proinflammatory cytokines 
Intermediate filaments: see Cytokeratins 8, 18 
Ischemia/reperfusion injuty. 8, 15, 86, 155-157, 362 
Ischemic preconditioning, 156, 157, 362 
Islet cell: see Pancreatic islet (3 cell 

Isoprenoids (famesyl-, geranyl-geranyl-pyrophosphate), 22, 55, 57, 64, 152-154, 158, 232, 
366 

Ketogenesis: see Ketone bodies 

a-KetOglutarate: see Cell proliferation, substrates; and 2-Oxoglutarate; and Synaptic 
transmission 

Ketone bodies (acetoacetate. P-hydroxybutyrate); see also Alzheimer disease, cerebral 
metabolism; and Astrocytes; and Brain substrate utilization 
cell proliferation, 48-50, 123, 130, 145, 268 
ketogenesis, 21, 83 

decrease in regenerating liver, 50, 181, 185 

mitochondrial fatty acid oxidation, 6, 21, 22, 58, 59, 121, 123, 126, 130, 145, 211, 230, 
263 
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Ketone bodies (cont.) 
mitochondrial oxidation 

ROS, oxidative stress generation, 123, 129, 208, 222-224, 264-268, 282, 292, 324 
uncoupling, uncoupling-like effects, 122, 123, 129, 208, 211, 222-224, 231, 263, 282, 
312, 324 

Kupffer cells: see Macrophages 
Lactate 

astrocyte gluconeogenesis, export, 255-259 
glycolysis, 7, 20, 25, 26, 209, 213, 214, 218 
ketone body inhibition of hepatocyte uptake, 256 
neuronal uptake, utilization, 212, 224, 256, 278, 326 
Leptin, 7, 58, 97, 151, 234-237, 365; see also Feeding behavior 
Lipid-mobilizing factor (LMF), 52, 61-62; see also Cancer, cancer cachexia 
Lipogenesis; see also Fatty acid biosynthesis 
cancer cachexia, 49, 64 

cell proliferation, 4. 5, 20-22, 53-56, 77, 78, 81, 92, 158, 185-187, 238, 363 
fatty acid oxidation, 22, 58, 232 
SREBP regulation, 55-56, 92, 152-154, 232 
suppression by AMPK, 4, 57, 58 
suppression by oj-3 fatty acids, 51 
Lipotoxicity, 144, 155 

Lithium (Li + ), 6, 19, 33, 92, 208, 290, 314, 320-323, 325, 330, 365 
Liver regeneration, 14-16, 177-189, 364 
adipocyte lipolysis, plasma FFA, 177 
0)-6 fatty acids, 180 
visceral adipose tissue, 179 
cancer cachexia, comparison, 47, 50, 63-64 
counterregulatory hormones, plasma glucose, and insulin, 177 
fatty acid oxidation 

extramitochondrial oxidation, 180, 182 
ketogenesis, 181 
mitochondrial, 180-184 
PPARa, 180, 182 

gamma-aminobutyric acid (GABA), 319 
gluconeogenesis, liver and kidney, 178-180 
glycolysis, 180 

liver fatty acid binding protein (L-FABP), 49, 180 
mitochondrial energetics and redox balance, 181-187 
uncoupling protein-2, 129, 187 
mitosis, acinar gradient, 78 
DNA synthesis, 184 
NFkB, 187-189 

nitric oxide synthase (NOS), 188 
proinflammatory cytokines, 78, 184-188, 239 
TNFa vs. insulin, 187, 189 
steatosis, 184 

TGFP, 60 

Liver transplantation, 182, 184 
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Liver X receptor (LXR), 55, 92, 152, 154 
Long-term potentiation (LTP): see Synaptic transmission 
Low density lipoprotein (LDL), 55, 149-153, 267 , 305 
LRP: LDL receptor-related protein, 305 
LXR: see Liver X receptor 

MAC- 13, MAC- 16: see Cancer, colon cancer 
Macrophages 

atherosclerosis, 149-154 
brain, 267-268 

endothelial, adipocyte fatty acid binding protein (aP2), 82 
M-3 fatty acid uncoupling effect, 51 
ICAM, scavenger receptor expression, 51 

Kupffer cell NFkB activation, cytokine secretion, 78, 82, 184, 185, 364 
mitochondrial ROS and UCP expression, 82, 156 
PPAR expression: see PPARs 
Malic enzyme, 78, 258 

Malonyl CoA; see also Acetyl CoA carboxylase 
decarboxylase, 57, 59, 144 
inhibition of CPT-I, 20, 22, 51, 63, 92, 144, 363 
AMPK vs„ 54, 56-59, 79 
atherosclerosis, 153-154 
brain, 228, 232, 237-238, 328 
liver regeneration, 181, 185-186 
Medium chain fatty acids (MCFA): see Fatty acids 
Medium chain triacylglycerols (MCT), antiproliferative effect, 49-50 
Melanocortin, 236 

Mesenteric adipose tissue: see Adipose tissue, visceral 

Metabolic syndrome, 152 

Mitochondrial energetics, 21-22, facing p. 21, 24 

calcium stimulation of mitochondrial dehydrogenases, 61, 287, 288 
electron transport chain, 21-22, facingp. 21, 24 

electron “leakage” and ROS generation, 59, 127-130; see also ROS 
inner membrane potential (AW m ), 21, facing p. 21, 24 
membrane contact sites, 23, 24, 59-60, 89, 144, 218-220 
oxidative phosphorylation, 21 

Alzheimer disease, 304, 310, 311, 314, 316, 317 
cell proliferation, 22-26 
cytoplasmic diffusion barriers, 23 

uncoupling, and uncoupling proteins, 6, 14, 22, 49, 51, 53, 59, 62, 82, 83, 123, facingp. 
123, 127, 129-131, 144, 154-155, 157, 159, 181, 211, 222, 223, 231, 233, 240, 
286, 289, 290, 362, 367 

uncoupling-like effects, 122, 123, 129, 208, 211, 222-224, 231, 263, 282, 324 
voltage-dependent anion channel (VDAC), 23-27, 59-60, 89, 218-220 
components and structure, 23, 24; see also Hexokinase II 
adenine nucleotide translocase (ANT), 23, 24, 59, 219 
disruption by fatty acids, 59-60, 89, 144 
modulation by glutamate, 219-220, 284, 291 
permeability transition pore opening by fatty acids, 59-60, 89, 144 
Mitogen-activated protein kinase (MAPK), 81, 317 
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Monocarboxylate carrier, 221, 224 
Muscarinic acetyl choline receptor, 305, 328 

NAD(P), NAD(P)H: see related processes 
NADPH oxidase and ROS, 34, 154 
Neural progenitor cells, 268-269 
Neuritic plaques, 304, 305 

Neurodegenerative disease, 6, 15, 149, 239, 267, 280, 291, 292, 307, 308, 321, 322, 328, 330, 
362, 365 

Neuronal activation, 6, 8, 31, 32, 207-215; see also Alzheimer disease; and Brain substrate 
utilization 
energetics, 207-214 

oxidative phosphorylation, 214, 218, 304, 310, 311, 314, 316, 317 
glucose utilization and citric acid cycle, 207-214, 218-220 
ketone bodies, 220-225 

cerebral blood flow (CBF) and glucose uptake, 207, 208, 213; see also Alzheimer disease 
glucose-oxygen dissociation, 208, 225, 278-279, 314 
substrate efficiency, 278, 314 
Neuropeptide Y, 236, 237 
NFkB: .■ see Nuclear factor kB 

Nicotine, nicotine receptor, 148, 155, 239, 322, 328-329, 365; see also Alzheimer disease 
N-methyl-D-aspartate (NMDA), 282, 286-290, 292; see also Synaptic transmission 
Nitric oxide (NO), 86, 94, 125, 158, 182, 187, 188, 213, 239, 240, 266, 313 
Nitric oxide synthase (NOS), 57, 86, 125, 129, 131, 187, 188, 238-240, 289 
Nonalcoholic steatohepatitis, 15, 94, 150, 155 

Nonsteroidal antiinflammatory drugs (NSAIDs), 14, 85,93, 121, 127-131, 143, 145, 160, 

320, 325, 328, 330 
antiproliferative effects, 127-131 
colon tumors, 127 

COX2, eicosanoid independence, 127, 129-131,320,325 
insulin, 129 

mitochondrial effects, facing p. 123, 127-131 
electron transport chain inhibition, 130 
uncoupling, antioxidant effects, 127-131 
NFkB and AP-1 activation, 128-131 
salicylate, 15, 121, 127-131, 145, 240, 290, 325, 367 
sulindac, 130 

Nuclear factor kB (NFkB) 

activation by TNFa, 86, 187, 188 
AP-1, 34,48, 129 
excitotoxicity, 289, 290 
liver regeneration, 187-189 
ROS, 34, 48, 51, 82, 94, 126, 129-131, 152, 157, 158 
salicylate, 129-130, 290 
survival/protective effects, 28, 34, 129, 199 
neuroprotection, 240, 325, 362 
TGFp, 125 
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Obesity, 6, 8, 31, 83.143-145, 148,150-152, 154, 155, 185, 208, 235, 237-239, 264, 279, 

288, 292, 327-329 365; see also Adipose tissue, visceral; and Diabetes mellitus; 
and Insulin resistance 
Oxaloacetate, 256, 258, 259 

Oxidative phosphorylation: see Mitochondrial energetics 
Oxidative stress: see Reactive oxygen species (ROS) 

Oxidized LDL: see Atherosclerosis 

2-Oxo-glutarate, 26, 35, 58, 124, 146, 148, 259, 278, 284, 285, 289, 291; see also Cell 

proliferation, substrates; and Mitochondrial energetics; and Synaptic transmission 
2-Oxo-glutarate dehydrogenase (2-OGDH), 61.83,305, 310 
Oxysterols, 55, 152 

P450 2E1. 182 

P450 4A, 78, 180, 182, 232 

P450 4X1, 232 

p53, 26-28, 90-93; see also Apoptosis, mitochondrial function 
apoptosis, 26, 27, 90-93, 96, 97, 121, 125, 319, 320, 366 
cell cycle, 90-93, 96, 97, 121, 125, 319, 366 
mitochondria, 90-93, 145 
telomerase, 91-93 

Pancreatic islet P cell, 14, 27, 154, 155, 234, 235, 364 
Pentose phosphate pathway: see Hexose monophosphate shunt 
Peroxisome proliferator-activated receptor a, y, & (P) [PPAR a, y, 6 (PJ 
PPARa, 78-83, 92, 122 

activator ligands, 49, 78-83, 130, 151, 180, 232 

antioxidant effects, 77, 81-83, 145 

apoptosis, 79-80, 94 

atherosclerosis, 82, 84, 151, 153 

COX2, prostaglandins, NSAIDs, 130-131 

dicarboxylic fatty acids, 78, 180, 232 

fatty acid oxidation, 51, 55, 63, 78-83, 92, 122, 145, 159 

peroxisomes and SER, 7, 8, 51,52, 59, 63, 78, 80, 83, 122, 144, 148, 150, 151, 155, 
182, 230-232, 266, 362 

mitochondrial ROS generation, 145-148; see also Fatty acid oxidation, 
mitochondria; and Mitochondrial energetics 
fibrates and rodent hepatocarcinogenesis, 78, 79 
contrasts vs. regeneration, 78, 82 

hepatocyte proliferation, liver regeneration, 13, 54,78-83, 180, 182 

human liver, 83 

hypoxia, 81 

L-FABP. 180 

MAPK, 81 

NFkB. 188 

SREBP, 55 

tissue and macrophage expression, 82, 84, 231, 268 
absence from human astrocytes, 231, 264, 268, 327 
absence from Kupffer cells, 82 
arterial endothelium, 82 
TNFct, 82, 186 

transcriptional regulation, 78-83 
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Peroxisome proliferator-activated receptors (cont.) 

PPARy, 84-85 
activator ligands 
fatty acids, 84 

PPARy-independent effects, 85, 291 
15dPGJ2, thiazolidinediones, 85 
antiproliferative, differentiating effects, 84 
antitumor effects, 84-85 

induction by butyrate, NS AIDs, TGFp, 84, 122, 125, 126, 130 
atherosclerosis, 84, 151-153 
PPARy-coactivator-la (PGC-la), 155 
tissue expression, 84, 231 
PPAR6 (P), 85, 131, 231 
Peroxisome proliferators: see PPARa 
Peroxynitrite (ONOO), 158, 239, 313 

Phosphatase and tensin homolog deleted on chromosome ten (PTEN): see PI3K/Akt/PKB 
signaling, PTEN 

Phosphatidyl-inositol-3-kinase (PI3K): see PI3K/Akt/PKB signaling 
Phosphoenolpyruvate carboxykinase (PEPCK): see Gluconeogenesis 
Phosphofructokinase-2 (PFK2), 25, 30, 180 
Phosphoinositide-dependent kinase- 1 (PDK1), 27, 31 
Phospholipase A2, 151, 289, 328 

PI3K/Akt/PKB signaling (wg/Wnt-like signaling); see also p-Catenin 
Alzheimer disease, 304, 314-325, 328 
APC, 30, 31, 33, 315, 316, 318, 366 
axin, 30, 31, 315, 316, 318 
Bcl-2 family, 88-93 
epithelial restitution, 32-33 
epithelial-to-mesenchymal transition, 125 
GSK3P, 27-33 
HSF1 activation, 156, 158 
inhibition of 
caspase 3, 95 
butyrate, 121 

fatty acids, 31, 83, 86, 144, 155, 188 
p53, 90-93 

PTEN, 27, 28, 31, 48, 90, 97, 269, 366 
TGFP, 125-126 

leptin, 236: see also Feeding behavior 

lithium (Li*), 6, 19, 33, 92, 208, 290, 314, 320-321, 325, 330, 365 
neuronal activation and synaptic function, 6, 207, 285, 287-288, 290, 292, 304, 316, 317, 
324, 325, 328; see also Cannabinoids 
nicotine, 155, 322, 328-329 

proliferative and survival effects, 5, 6, 15, 27-35, 48, 54, 55, 86, 90-94, 155-158, 182, 240, 
269, 313-321, 361-364, 366 
signaling by CD40, EGF, HGF, IGF-1, Wnt, 30-31 
TNFct, 86, 91, 187, 188, 364 
ROS activation of, 33-35, 158, 362, 363 
stabilization by Hsp27 and Hsp90, 93, 157 
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PI3K/Akt/PKB signaling, (cont.) 

telomerase, 90-93 
Placenta, 14, 26, 365 

Porin: see Mitochondrial energetics, VDAC 
Portal hypertension, 230 
Pre-eclampsia, 365 

Presenilin 1, 2 (PS1, 2), 31-32, 306, 315-319, 324, 329 
Prion protein (PrP): see Alzheimer disease, PI3K/Akt/PKB 
Procaspase(s): see Apoptosis 
Programmed cell death: see Apoptosis 

Proinflammatory cytokines; see also Apoptosis; and Human immunodeficiency virus 
infection; and Liver regeneration 
brain, 237-240, 267-268 
interleukin- 1 (IL-1), 78, 184, 185, 237-239, 340 
interleukin-6 (IL-6), 78. 184. 185, 237-239 

tumor necrosis factor (TNFa), 28, 29, 31, 55, 61-63, 78, 82, 85, facing p. 85, 86, 89, 91, 
92, 95, 129, 145. 157, 160, 184-189. 237-240, 287, 291, 317, 328, 364 
TNFa receptor (TNFR), 31, 85, 86, 91, 129, 185, 187, 188, 240, 287 
PI3K/Akt/PKB, 86, 91, 187, 188, 240, 287 
Prostaglandins (PG), 52, 53, 83, 85, 127, 130, 131 
PGD, PGE, 52, 53, 130, 131 
15-deoxy-delta-12, 14-PGJ2, 83, 85 
Protein kinase A (PKA), 151, 287 
Protein kinase C (PKC), 31, 53, 60. 317 
Proteolysis-inducing factor (PIF), 61-62 

p53-upregulated modulator of apoptosis (PUMA): see Apoptosis. Bcl-2 family 
Pyruvate carboxylase (PCB ), 256, 258, 259 

Pyruvate dehydrogenase (PDH), 20, facing p. 21, 22, 28-30, 32, 33, 62, 81, 83, 91, 120, 122, 
124, 130, 144. 145, 148, 180, 182, 209, 212, 220, 222, 223, 231, 256, 261, 263, 
264, 279, 281, 282, 284, 292, 310, 311, 314, 317, 318, 323-325 
Pyruvate kinase (PK), increased activity in human cancers, 25, 180, 366 

Randle cycle, 211, 223 

Reactive oxygen species (ROS), hydrogen peroxide (HjO^, and superoxide anion 0 2 ‘); see 
also Hypoxia; and Mitochondrial energetics 
beneficial/protective effects of low level transient ROS, 8, 19, 33-35, 156-159, 362-364 
ethanol, ischemic preconditioning, heat stress, 156-157 
ROS at peak mitochondrial energization, 158-159 
oxidative stress, injurious effects, 362-365 
apoptosis, 89-91,94, 96, 124 
atherosclerosis, 149-154 

brain and Alzheimer disease, 208, 212, 220, 224, 231, 233, 234, 238, 240, 264, 265, 
267, 268, 279, 282, 284-287, 289-291, 303, 304, 310-313, 319, 322-324, 327, 328 
glutamate, glutamine, 148 
hyperglycemia and, 147-148 
Crabtree effect, 27, 148 

ischemia/reperfusion injury. 8, 15, 86, 155-157, 362 
mitochondria, 77, 82, 127-131, 145-148 
cardiac myocyte, 154-155 

fatty acids. 5, 7, 8, 14, 22, 48, 55, 57, 83, 144, 148-149 
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Reactive oxygen species, (cont.) 

hepatocarcinogenesis, 155 

liver regeneration, 181. 182, 187 

mitigation by uncoupling, 51, 82, 123, 129-131,240 

nonalcoholic steatohepatitis, 155 

pancreatic (3 cell, 154-155 

pathological consequences, 149-160 

plasma FF A, in obesity, insulin resistance, type II diabetes mellitus, HIV, 144, 145, 
148; see also Diabetes mellitus; and HIV ; and Insulin resistance; and Obesity 
peroxisomes, 83, 144 
pyruvate, 147 
TGFp, 125-126 

Retinal neurodegeneration in diabetes mellitus, 308; see also Alzheimer disease 

Retinoblastoma protein (pRb), 96, 122, 189 

Retinoid X receptor-a (RXRa),78, 84 

Rho/Ras/Raf, 153 (Raf), 153 and 287 (Ras), 193 (Rho) 

ROS: see Reactive oxygen species 

Saccharomyces cerevisiae (S. cerevisiae), 3, 4, 14, 23, 57, 189 

Secretase (a, (3, y), 306, 317, 320, 323, 325 

Short chain fatty acids (SCFA): see Fatty acids 

Smads, 93, 125 

Smoking: see Nicotine 

Smooth endoplasmic reticulum (SER); see also Atherosclerosis, oxidized LDL 
redox conditions, 149-150 

fatty acid oxidation, 78, 144; see also Fatty acid oxidation 
SNF1,4, 5, 57, 189 

Sterol regulatory element binding protein (SREBP), 28, 55, 90, 92, 152-155, 232, 328, 366 
“Statin” hypolipidemic agents: see Acetyl CoA carboxylase; and Alzheimer disease, 
cholesterol; and Atherosclerosis, hypolipidemic drugs 
Streptozotocin, 23, 48, 147, 309, 324 
Superoxide anion (0 2 ): see Reactive oxygen species 
Superoxide dismutase (SOD), 29, 128, 145, 151, 182, 266, 286, 325 
Synaptic transmission, 282-293; see also Glutamate; and Mitochondrial energetics 
glutamate removal front synaptic cleft, 282-285 
augmented neuronal exposure to glutamate, 285-293 
long-term potentiation, 285-288 
AMPAR expression, 282, 286-288 
excitatory postsynaptic current (EPSC), 286, 287 
PI3K/Akt/PKB. 287-288 
excitotoxicity, 288-293 
neuroprotection, 289-293 
ketone body and cannabinoid effects, 292-293 

Tau (x) isoform of microtubule-associated protein, 32, 304, 306, 315 

Telonterase, 28, 90-93, 317 

Tetrahydrocannabinol: see Cannabinoids 

Thiazolidinedione, 84, 85 

Thioredoxin, 128 
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Tobacco: see Nicotine 

Transforming growth factor-a (TGFa), 94 

Transforming growth factor- (3 (TGFft) 

antiproliferative, pro-apoptotic effects, 60, 80, 84, 93, 121, 125-127, 157, 366 
metabolic effects, 125-126 

association with mitochondria, 125 
brain, 313, 320, 324, 325 

fatty acid and glucose metabolism, 25, 53, 126, 145, 160 
ROS generation, 125 
signaling, 93, 125 

Triacylglycerol, triglyceride (TG), 20, 51-53, 150, 180, 182, 186, 211, 238, 256 
Tumor necrosis factor-a (TNFa) and receptor (TNFR): see Apoptosis; and Proinflammatory 
cytokines 

Tumorigenesis, 13, 14, 25, 33, 52, 53, 84, 98, 127, 130, 155, 189, 268, 269, 315, 318 
Ubiquinone, 24, 128, 183, 220, 224, 290 

Ultraviolet light: see Apoptosis, FasL-independent Fas signaling 
Uncoupling, Uncoupling proteins (UCP), 49, 62, 82, 129, 157, 233, 286, 362; see also 
Mitochondrial energetics, oxidative phosphorylation 
Uncoupling-like effect: see Butyrate; and Ketone bodies; and Mitochondrial energetics, 
oxidative phosphorylation 

Ursodeoxycholic acid: see Apoptosis, FasL-independent Fas signaling 

Vascular endothelial growth factor (VEGF), 34, 93, 362, 366; see also Hypoxia 

Very low density lipoprotein (VLDL), 53, 149, 150, 182, 186, 238, 305 

“Vicious cycle” in Alzheimer disease pathogenesis: 304, 321-326; see also Alzheimer disease 

Visceral adipose tissue: see Adipose tissue, visceral 

Voltage-dependent anion channel (VDAC): see Mitochondrial energetics 

von Hippel-Lindau protein (VHL), 34; see also Hypoxia 

Wingless(wg)/Wnt-like signaling pathway: see PI3K/Akt/PKB signaling 



Yeast: see S. cerevisiae 




